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ABSTRACT 
This thesis is a study of direct injection (DI) of compressed natural gas (CNG) 
for spark ignited internal combustion engines. The outcome of this research 
can be categorised into two sections, namely, steady state engine tests and fuel 
injection studies. The objective of engine testing is to investigate the effect of 
directly injecting natural gas especially after the intake valve closure on engine 
performance at various operating conditions. This is accomplished on a single 
cylinder AVL research engine. The studies show that late injection improves the 
peak output (IMEPn) by about 11% at 1000 RPM to 7.5% at 2000 RPM as a 
result of increased volumetric efficiency. The increased peak output also 
marginally improves the engine thermal efficiency. At part loads too, late 
injection offers faster combustion as a result of injection induced turbulence 
and improves combustion stability, however, at the cost of increased pumping 
losses. Similar trends are observed for leaner mixtures as well. An extension in 
lean limit (λ) from 1.5 to 1.8 is achieved while maintaining excellent combustion 
stability (CoV of IMEPn < 3%) at the worldwide mapping point. A 5% absolute 
improvement in engine efficiency is achieved with stratified lean combustion at 
a low load of 3 bar IMEPn at 1000 RPM. Further investigation is needed to 
optimise the mixture formation and the ignition system in order to lower the 
cyclic variations and maximise engine efficiency.  
Injection studies are undertaken to characterise the highly under-expanded 
transient jet flow of natural gas from an outward opening direct injector. 
Schlieren imaging technique is used at high spatial and temporal resolution to 
study the jet growth and mixture formation in a constant volume chamber (CVC) 
at a wide range of operating pressures. An outward opening direct injector 
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creates a conical area of flow that produces a hollow cone jet at the beginning 
of injection. The jet is headed by a toroidal vortex which collapses along the 
injector’s axis depending on the injection conditions. The jet growth reveals that 
it obeys existing correlations of penetration originally developed for single hole 
type of nozzle i.e. the jet penetration scales with (Mn/ρa)1/4 and t1/2. The constant 
of penetration is found to be 1.15 ± 0.05. The near-field shock structure is 
characterised at high resolution and its transient behaviour can be correlated 
with the needle lift profile of the injector. A 3D CFD simulation campaign is 
undertaken to complement the experimental data and to further predict the jet 
growth for different nozzle seat angle. Wider nozzle angle for a given needle 
lift increases the flow area and therefore results in higher mass flow rate. As a 
result of the CFD investigation, the proposed nozzle design is to have a wider 
entry angle to achieve high mass flow and an exit angle depending on the jet 
targeting requirements of the application.  
 
The work presented here is expected to improve our understanding of mixture 
formation of directly injected gaseous fuels, particularly natural gas, for 
developing efficient and cleaner engines. 
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INTRODUCTION 
 
1.1 Direct Injection Spark Ignition Engines 
 
The concept of direction injection (DI) of gasoline in spark ignition engines is not new. 
They were widely used during the second world war in two-stroke military aircraft 
engines. The first use of DI system in automotive engines was in 1952 manufactured 
by Bosch for two-stoke gasoline engines [1]. In 1954, Mercedes-Benz launched the 
first production four-stroke engine equipped with gasoline direct injection (GDI) 
system in the 300SL model. The engine had a mechanical fuel injection system 
manufactured by Bosch. Later, port fuel injection (PFI) became popular mainly due to 
lower costs and complexity. In 1996, Mitsubishi launched the first modern GDI engine 
for series production. Since then with the advent of closed loop control of the 
electronic fuel injection, most of the car manufacturers have experimented with GDI 
systems and today GDI has become a mainstream technology for gasoline engines. 
  
DI offers substantial benefits in engine performance (peak power and torque output) 
and fuel efficiency compared to port-fuel injection. This is due to decoupling the fuel 
injection event from the air induction process and as a result, fuel can be directly 
injected anytime during the intake and compression stroke as shown in Figure 1. Thus, 
an additional degree of control is available. Injection during the intake stroke creates 
a homogenous mixture like PFI while injecting late in the compression stroke before 
ignition creates a stratified mixture. 
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Figure 1. Schematic showing early DI (left) during the intake stroke and late DI (right) 
during the compression stroke. Image source: [1]. 
 
The benefits achievable are mainly due to higher compression ratios, lower pumping 
losses, higher specific heat ratio and reduced heat losses. The higher compression 
ratio is possible due to charge cooling effect. When directly injected the fuel quickly 
evaporates and cools the surrounding in-cylinder gases as opposed to evaporation in 
the intake port. This reduces the final charge temperature before ignition enabling 
higher compression ratios of up to 14:1 depending on the combustion chamber 
design, etc. resulting in improvements in engine efficiency and power density. The 
other three advantages are associated mainly with stratified lean mixture combustion. 
 
In PFI engines, the well mixed homogeneous charge needs to be close to 
stoichiometric ratio for stable combustion to occur. Too lean or too rich mixtures will 
misfire, and combustion will not occur. At low loads, less fuel is required; a throttle 
plate at the intake is used to control the amount of air going into the cylinder to 
maintain the stoichiometry and hence controls the torque output. This throttling 
operation reduces the intake pressure below the atmospheric pressure and so the 
piston must do the work to draw the fresh air. This is known as pumping work which 
is the biggest drawback of pre-mixed engines. The pumping loss is higher at low loads 
and decreases as throttle opening is increased. DI offers the ability to run the engine 
with very lean mixtures of air and fuel by injecting the fuel very late in the compression 
cycle. The challenge is to create an ignitable and repeatable, near stoichiometric air-
4
fuel mixture in the vicinity of the spark plug just before ignition can take place. This 
technique of concentrating the fuel around the spark plug while occupying rest of the 
combustion chamber with air and residuals is known as stratified mixture formation. 
This condition allows very lean mixtures (excess air) to be ignited which would not be 
possible if the air-fuel mixture were to be homogenously mixed. Therefore, the throttle 
can remain wide open to reduce the pumping losses to a minimum. In addition, 
combustion heat losses are also reduced because the fuel is surrounded by air and 
residuals only which absorb the heat released thus reducing the heat transfer to the 
walls. Also, the overall specific heat ratio of the mixture increases due to excess air. 
All these factors combined result in significant improvements in engine efficiency and 
fuel economy.  
 
In addition, DI eliminates wall wetting of the intake port and the associated fuel 
enrichment needed in PFI engines; directly translating into fuel savings and lower 
unburned hydrocarbon (HC) emissions, especially during cold starts and speed/load 
transients. DI also offers faster engine start-stop operation and enhanced throttle 
response as a result of rapid and precise torque management. Another drawback of 
PFI is reduced volumetric efficiency due to displacement of fresh air by the vaporised 
fuel. This can be eliminated by directly injecting after the valves are closed thus 
increasing the peak torque output. 
 
GDI engines using stratified combustion can be mainly classified into three types 
based on the technique used for stratified mixture preparation as shown in Figure 2. 
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           a)            b)            c) 
 
Figure 2. Schematic of fuel injection techniques in modern GDI engines. a) Wall guided 
b) Air guided c) Spray guided.  Image source: [1]. 
 
In the wall guided approach, the piston crown is shaped such that it helps to transport 
the impinged fuel to the spark plug electrodes as the piston approaches TDC. In the 
air guided approach, the fuel is injected into the structured and strong bulk air flow 
that carries the fuel to the spark plug at TDC. As can be seen, both approaches rely 
on the piston movement and in-cylinder air flow which are linked to the engine speed 
as well as load. It is difficult to coordinate the injection and ignition timing for a wide 
range of speed and load. Moreover, the cyclic variations in air flow cannot guarantee 
an ignitable fuel cloud at the time of ignition. Hence, these techniques offer limited 
window of operation. The cyclic variations in combustion are found to be higher than 
homogeneous operation. The emissions such as unburned HC and particulate matter 
(PM) are also quite high as a result of incomplete combustion due to wall wetting and 
partial evaporation of liquid droplets. 
 
The latest spray guided technique has addressed these problems. As can be seen from 
Figure 2.c, the injector is located next to the spark plug such that the fuel spray does 
not have to rely on the in-cylinder air flow or the piston and can be ignited 
immediately after the end of injection. A bowl-in piston is used so that injection can 
occur very late in the compression stroke just before the spray hits the piston.  
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Figure 3. Engine efficiency (BSFC) map of BMW GDI engine with stratified combustion 
operation. Image source [1]. 
 
This technology introduced in the market by BMW and Daimler from 2006 onwards 
has been largely successful. These engines employ piezo actuated injectors that allows 
multiple injection capability with fast and precise opening/closing times. The benefits 
of stratified mixture combustion are realised mostly at lower loads such as in typical 
city driving conditions. The brake specific fuel consumption (BSFC) map of a BMW GDI 
engine with the spray guided combustion system is shown in Figure 3. The region 
where stratified operation is used (λ>1) can also be clearly seen. At 2000 RPM and 
load of 2 bar BMEP, approximately 15% increase in engine efficiency has been reported 
[1, 2].  
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1.2 Motivation and Research Objectives 
 
Natural gas (NG) is highly regarded as one of the most promising alternative fuels for 
transportation. NG contains predominantly methane (CH4) which has the highest ratio 
of hydrogen to carbon atoms and therefore is the cleanest burning hydrocarbon. 
When used as a fuel in a spark ignition engine it can potentially reduce CO2 emissions 
by more than 25% and also emit significantly lesser amounts of other harmful 
pollutants such as oxides of nitrogen (NOx) and particulate matter (PM). NG intrinsically 
is a better fuel for spark ignition engines due to its higher octane rating (MON ~130) 
which allows higher compression ratios leading to higher engine efficiency. NG is 
odorless, non-toxic and safer due to its higher auto-ignition temperature (550°-600°C) 
and wider flammability limits. In addition, NG is lighter than air and will quickly 
dissipate into the atmosphere if there is a leak, thus reducing the danger of fire. NG 
is widely available across many regions in the world with plenty of reserves and so 
can offer a relatively quick way to reduce emissions with little change to overall 
transport infrastructure. Its global distribution can provide energy security in regions 
where gas reserves are higher than oil. Moreover, renewable methane produced from 
biomass has the potential to achieve carbon neutrality. NG and hydrogen (H2) blends 
can also considerably increase the engine efficiency with increasing percentages of H2. 
 
Today, CNG (compressed natural gas) fueled engines can be realised in both spark 
ignition (gasoline type) and compression ignition (diesel type) engines with 
appropriate enabling technologies. Currently, all production spark ignited CNG 
engines have PFI system. In PFI system, the fuel is introduced during the intake stroke 
when air is also being introduced i.e. when the intake valves are open. NG being in 
gaseous state occupies larger volume which restricts the flow of fresh air and thus 
reduces the maximum amount of air that can be drawn into the cylinder. The 
displacement of fresh air by the gaseous fuel reduces the volumetric efficiency of the 
engine.  
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Figure 4. Schematic illustrating difference between port injection and direct injection 
of a gaseous fuel. Adapted from: [3]. 
 
The volumetric efficiency penalty is much higher for gaseous fuels than gasoline. In 
case of CNG, it is about 10%. As a result, CNG engines have reduced peak torque and 
peak power compared to gasoline engines. This is also another reason for the lack of 
popularity of CNG passenger vehicles besides the lack of sufficient refueling 
infrastructure. This drawback can be overcome by separating the air and fuel induction 
process i.e. by directly injecting the fuel into the cylinder after the inlet valves are 
closed. This concept is illustrated in Figure 4. It can be observed from the figure that 
with DI the filling of the cylinder is maximised.  
 
The automotive industry is currently investigating CNG-DI technology as it promises 
to meet future emission norms without compromising on engine performance 
compared to a modern GDI engine while being more fuel efficient. In light of future 
stringent worldwide emission and fuel economy standards, CNG-DI is an attractive 
proposition. DI places additional demands on the injection system such as increased 
injection pressures, injector designs with large flow areas, injector durability, injector 
tip sealing with low leakage, etc. This becomes critical especially for stratified mixture 
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formation where a high jet-to-jet repeatability in terms of mass injected and the jet 
shape is essential for good combustion stability.  
 
Fuel injectors for DI application can be generally classified as inward or outward 
opening based on the opening direction of the injector needle. In an inward opening 
injector, the needle moves inwards from the nozzle seat inside the injector body 
whereas in an outward opening injector, the needle moves outwards from the nozzle 
seat protruding from the injector body. They can be solenoid or piezo actuated. Diesel 
DI injectors in mass production are mostly inward opening types whereas for GDI 
application both inward and outward opening types are available. The typical injectors 
used in GDI application are shown in Figure 5 below: 
 
 
 
 
Figure 5. Close-up photograph of an inward opening multi-hole solenoid injector (left) 
and an outward opening poppet type piezoelectric injector (right). Image source: [5].  
 
The injector requirements for NG are quite different from that of liquid fuels. In case 
of gasoline, the injector has to not only deliver the required quantity of fuel at all 
loads and speeds in a short period of time but also the liquid spray has to break-up, 
atomise and mix with the surrounding mixture of fresh air and residuals in that small 
period of time. Hence to achieve this goal, the diameter of multi-hole injectors and 
the needle lift of outward opening injectors are generally in the range of 100 and 35 
10
micrometers respectively. These small dimensions aid in break-up of the spray. In 
conjunction with high fuel pressures effective atomization for efficient combustion 
performance, lower emissions and lower fuel consumption can be realised. As a result 
of these two factors, the typical flow rates of GDI injectors are in the range of 15-20 
g/s and 20-25 g/s at 200 bar injection pressure for inward opening solenoid type and 
outward opening piezo type injectors respectively [6]. A piezo actuated injector has 
higher flow rate due to larger flow area.  
 
NG being in gaseous state at ambient conditions has a very low density than liquid 
fuels. For comparison, at 200 bar and 25 °C the density of NG containing about 90% 
methane is roughly about 150 kg/m3 which is about 5 times lower than gasoline. 
Therefore, in order to achieve high mass flow rates for a given injection pressure, large 
flow area is essential.  
 
The objective of this research is to gain a deeper understanding of the combustion 
characteristics of directly injected natural gas and to characterise the fuel injection 
processes from outward opening direct injectors.  
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1.3 Thesis Structure 
 
This thesis consists of an extended summary of the research articles published by the 
author during the period of candidature. Additional information is provided wherever 
deemed necessary within the scope of the research to supplement the research 
publications*.  
 
Chapter 2 – Literature Review - A technical review of all known studies of CNG-DI is 
presented as a peer reviewed publication. 
 
Chapter 3 – Single Cylinder Engine Tests – The experimental setup and testing 
methods are presented. The results of CNG-DI engine testing are presented as peer 
reviewed publications.  
 
Chapter 4 – Fuel Injection Studies – The experimental setup, injection system and mass 
flow rate measurement technique are presented. The results of experiments and 
numerical simulations are presented as peer reviewed publications.  
 
The thesis concludes with a summary of original contributions to the body of 
knowledge and suggestions for future work. 
   
 
 
 
 
 
 
 
 
*Copyright permissions obtained. 
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LITERATURE REVIEW 
 
Natural Gas Direct Injection for Spark Ignition Engines – A Review on Late 
Injection Studies 
 
The work related to this section has been peer reviewed and published in SAE 
Technical Papers. 
 
The full paper is attached in the following pages and can also be obtained via 
https://saemobilus.sae.org/content/2017-26-0067 
 
This work can be cited as: 
 
Sankesh D and Lappas P, "Natural Gas Direct Injection for Spark Ignition Engines - A 
Review on Late Injection Studies," SAE Technical Paper 2017-26-0067, 2017, 
https://doi.org/10.4271/2017-26-0067. 
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Abstract
Significant research has been made on traditional pre-mixed charge 
Spark-Ignition Natural-Gas engines which have seen widespread usage 
across the automotive sector. Many researchers including those in 
industry are now exploring the Direct-Injection concept for Natural-
Gas Spark-Ignition engines. Direct-Injection has significant 
performance benefits over port-fuel injection, primarily due to 
increased volumetric efficiency as a result of injecting the fuel after 
intake valve closure. This could lead to enhanced driving performance 
over port-fuel injection comparable to gasoline engines. Furthermore, 
Direct-Injection with increased compression ratio in conjunction with 
downsizing concepts has the potential to increase thermal efficiency 
while exhibiting significantly lower CO2 emissions. Advanced 
combustion strategies like stratified mixture combustion has been 
widely studied for gasoline and proven to increase the low load thermal 
efficiency over homogeneous stoichiometric combustion. If 
successfully implemented, similar benefits can be expected with 
Natural-Gas as well. However, currently there is no Direct-Injection 
Natural-Gas vehicle in production and there are gaps in the literature as 
research in this area is relatively new. Mixture formation, ignition and 
combustion processes are not fully understood. Nevertheless, attempts 
have been made to explore the potential of stratified combustion. This 
paper provides a comprehensive literature review on such studies and 
highlights the challenges involved in developing such combustion 
systems.
Introduction
The transportation sector has contributed to about 14% of the global 
man-made greenhouse gas emissions in 2010 [1]. The source of these 
emissions is fossil fuels, largely gasoline and diesel. Today, with an 
increasing global energy consumption there exists a rising demand to 
reduce pollutants that are harmful to health and the environment. This 
is also reflected in the current and emerging stringent vehicular 
emission and fuel economy standards. As a result, engine researchers 
worldwide are striving to develop efficient and cost effective 
technological solutions. One relatively quick way to reduce vehicular 
emissions with little change to overall transportation infrastructure is 
switching to gaseous fuels like Natural Gas (NG). The widespread 
usage of NG is likely going to be an effective step in the transition 
towards efficient and sustainable transportation.
NG is primarily composed of methane and is regarded as one of the 
most promising and cleanest alternative fuels. It has the potential to 
reduce CO2 emissions by more than 20% relative to conventional 
fuels like diesel or gasoline [2, 3, 4]. The US EPA (Environmental 
Protection Agency) recognized the 1998 Honda Civic GX natural gas 
vehicle as the cleanest Internal Combustion Engine (ICE) powered 
vehicle it has ever tested [5]. The properties of NG make it very 
suitable for SI engines. NG is widely available [6]; its global 
distribution can provide energy security in regions where gas reserves 
are higher than oil. NG is an odorless, non-toxic, gaseous mixture of 
hydrocarbons - predominantly methane (CH4) which has a simple 
molecular structure and a high ratio of hydrogen to carbon. Due to its 
high octane rating (RON about 130 [2, 3]), it can allow combustion at 
higher compression ratios than gasoline engines leading to higher 
thermal efficiency. It is also safer than the conventional fuels. The 
self-ignition temperature of methane (650° C) is considerably higher 
than gasoline and diesel [4]. Additionally, NG is lighter than air and 
will dissipate into the atmosphere rapidly if a leak occurs reducing 
the danger of fire. Natural-Gas also improves local air quality as it 
produces relatively less harmful tailpipe emissions [3, 4]. Overall, 
NG is a clean burning fossil fuel. Therefore it can be expected that 
NG can play a significant role in meeting the increasing energy 
demand, particularly in transportation sectors. Today, NG fueled 
engines can be realized in both spark-ignition and compression-
ignition engines with appropriate enabling technologies. There are 
mainly two types of fuel delivery systems for Spark-Ignition (SI) NG 
engines: Port-fuel injection (PFI) and Direct-Injection (DI). The 
former is similar in operation to pre-mixed gasoline engines which 
can also operate as Bi-fuel systems. Bi-fuel systems are not fully 
optimized for NG while dedicated NG engines also suffer loss of 
peak torque and power especially at low speeds compared to gasoline 
engines of same size mainly due to the reduction in volumetric 
efficiency [3, 4, and 7]. DI technology will enable the full 
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exploitation of the potential of NG as a fuel. The Automotive industry 
is evaluating Compressed NG (CNG) DI technology for mass 
production in the near future [8, 9]
It is well known that the thermal efficiency of a SI engine is related to 
its knock-limited compression ratio (CR) and the specific heat ratio 
(γ) of the working fluid, afterall, the thermal efficiency of the Otto 
cycle is expressed as [10]:
(1)
Increasing γ can result in drastic improvements in engine efficiency. 
The significant improvement in efficiency achievable at low-loads due 
to stratified operation can be attributed to combined effects of higher 
polytropic exponent, pumping loss reduction and heat loss reduction 
[11]. The concept is well explored for gasoline but for NG, DI is still in 
its development phase and stratified studies are relatively new.
Late-Injection Stratified Operation Studies
In 2000, Nissan was to our knowledge the first to report on a stratified 
CNG engine [12, 13]. They developed a heavy-duty SI CNG-DI 
engine with a low injection pressure of 50 bar. They investigated the 
combustion chamber shape and injector orientation on mixing of the 
gas jet through simulations. The injector nozzle hole area was more 
than 1.8 mm2.
They simulated the injection process for three different combustion 
chambers. The type C combustion chamber as shown in Figure 1 and 2 
aided in a good stratified mixture near the spark plug at the time of 
ignition at 1000 RPM and 40% load conditions. The optimized injection 
and ignition timing was 65 CAD and 6 CAD bTDC respectively at an 
injection duration of 14 CAD. Based on these results, a 4.6L four 
cylinder turbocharged engine was developed with a CR of 12:1 and swirl 
ratio of 0.5. They found that the part-load fuel consumption of NG was 
equivalent to that of a diesel engine at low speeds.
Figure 1. Combustion chamber design optimization for stratified operation by 
Nissan Diesel Motor Co. Ltd. [12]
Figure 2. Simulated excess air ratio contours at 1000 and 3000 RPM [13]
Figure 3. BMEP vs RPM map. Comparison between CNG-DI vs diesel [13]
The multi-cylinder engine developed could run at ultra-lean 
combustion as a result of stable stratified mixture at part-load 
conditions. A prototype medium-duty truck was developed whose 
driving performance matched that of a base diesel engine truck. The 
low-load and low-speed thermal efficiency of the stratified system 
was similar to that of the diesel engine (CR 18.3). The THC and NOx 
were found to be ten times higher than the Japanese emission 
standards. Their study shows that significant improvement in 
efficiency can be achieved as a result of stratified combustion.
In 2001, Kubesh [14] developed a fuel metering system for DI of NG. 
The fuel injection system used an automotive gas injector to meter 
the fuel and a floating-ball type check valve was used in place of a 
direct injector as shown below in Figure 4.
Figure 4. Fuel injector assembly and the prototype piston [14]
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A single cylinder of an 8.1L CNG engine was tested. The piston had a 
divided bowl structure which constituted the combustion chamber to 
form a CR of 12:1. At an injection pressure of around 52 bar, 
equivalence ratios of 0.3 were reported as shown in Figure.5
Figure 5. IMEP vs equivalence ratio and specific emissions for stratified 
operation [14]
The injector was not capable of precise fuel delivery as small quantity 
of trapped fuel in the injector body was issued during the exhaust 
stroke and full potential could not be explored. As a result, efficiency 
was found to be lesser and emissions (NOx and UHC) to be higher 
than homogeneous operation. This was attributed to advanced spark 
timings in order to maintain good combustion stability.
In 2002, Shiga et-al [15] studied the stratification limits of NG in a 
rapid compression machine (RCM) at a CR of 10:1 and injection 
pressure of 90 bar.
Figure 6. The arrangement of spark gap and injectors in RCM [15]
They used two injectors at different locations in the combustion 
chamber as shown in Figure 6. They found that a lambda of 5 could 
be achieved with good combustion efficiency and by optimizing the 
location and timing of spark plug and the injector; they achieved a 
lambda of 50. This is an encouraging result as it shows the stratified 
capability with ultra-lean operation. Such fundamental studies are 
few in literature and are needed to better understand ignition and 
combustion behavior.
During the period of 2004 to 2012, under the European Commission 
framework 6 and 7, two projects called as NICE and INGAS were 
proposed [16, 17]. The objective of one of the subproject was to 
develop turbocharged single-fuel CNG-DI concepts to achieve the 
high fuel efficiency of a diesel engine and comply with future 
emission levels. The focus was on developing a stoichiometric 
homogeneous combustion system in order to meet EU6 emission 
regulations using the three-way catalytic converter. The potential of 
late-injection stratified-charge combustion was also demonstrated. 
AVL had developed DI based on their direct-mixture injection (DMI) 
concept which was first initially tested in the NICE project [16]. The 
prototype injector was developed for ‘Virtual Biogas’ project to 
improve the efficiency of gas engines using bio-methane [18]
Figure 7. Illustrated figure of AVL’s DI gaseous combustion system [18]
Figure 8. Low pressure prototype injector developed by AVL for gaseous DI [19]
The injector was an outward-opening poppet-type and hydraulically 
actuated as shown in Figure 8. Stratified operation was evaluated in 
AVL’s single cylinder 0.5L turbocharged research engine (CR 12.9) 
and showed the potential of achieving high efficiency [19]. A new 
piston layout had to be designed because of higher peak firing 
pressures due to increased CR. They used the spray-guided approach 
with central-mounted injector as illustrated in Figure 7.
Siemens developed an outward-opening piezo injector for the NICE 
and INGAS project for CNG-DI system [17, 20]. A hydraulic stroke 
amplifier unit was designed to achieve the desired needle lift and 
mass flow rate.
a. 
Figure 9. a) Low pressure (~20 bar) prototype injector developed by Siemens 
used in INGAS project. b) Injector needle geometry [20]
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b. 
Figure 9. (cont.) a) Low pressure (~20 bar) prototype injector developed by 
Siemens used in INGAS project. b) Injector needle geometry [20]
The gas flow into the cylinder was through two large holes at the 
needle exit as shown in Figure 9.
Figure 10. Relative efficiency improvement and CO2 reduction in NICE 
project from single cylinder engine tests [16]
CNG-DI stratified operation resulted in a maximum of 40% reduction 
in CO2 emissions and 22% increase in efficiency over gasoline 
homogeneous and CNG-DI homogeneous operation respectively 
which was reported as can be seen from Figure 10. Overall the fuel 
consumption benefit was 16% over the NEDC cycle compared to 
stoichiometric operation. Although CO2 emissions can be of the level 
of best-in-class diesel engines, they reported that the low exhaust gas 
temperatures as a result of stratified lean combustion would require 
NOx aftertreatment.
During the INGAS project, considerable improvements in fuel 
consumption could be achieved with an improved central-mounted 
outward-opening low pressure (20 bar) injector in stratified mode [17, 
21] as shown in Figure 11. The test engine was a four cylinder (0.45 
L) engine with a CR of 12. The injector had a lift of 0.3 mm and 
static mass flow rate of 10 g/s. The researchers reported a BSFC 
reduction of 10-12% at lower loads and up to 7% at 4 bar BMEP 
(2000 RPM and 2.2 lambda) in comparison with homogeneous 
operation. Regarding emissions, specific HC and NOx emissions were 
high while CO emissions were low at loads up to 4.5 bar BMEP and 
2000 RPM [22]. Also, the combustion stability in terms of CoV of 
IMEP was above 5% for loads above 4 bar BMEP. High quality 
charge stratification could only be achieved under 2200 RPM.
Figure 11. Pent-roof cylinder-head and centrally-mounted injector with 
bowl-in piston configuration [17, 21]
Figure 12. Simulated (left) vs. PLIF experimental (right) images of 
equivalence ratio contours at part load (SOI: 63° bTDC EOI: 37° bTDC) [21]
They also reported that their investigation showed benefits lower than 
potentially achievable [21]. This was mostly attributed to cyclic 
variations in jet development which was experimentally highlighted 
in the optical engine (0.45L single cylinder with CR 8.7) using PLIF 
techniques. Figure 12 shows the simulation results against 
experimental PLIF image. The large variation in a fully developed jet 
as shown in Figure 13 at steady-state operating conditions can greatly 
affect combustion stability. The author identified the jets as ‘cloud-
like’ and ‘umbrella-like’ shapes [21].
Figure 13. Comparison of PLIF images of gas jet from two different cycles at 
55° bTDC (operating conditions same as in Figure 12.) [21]
The cloud-like jet shape promoted higher degree of mixing resulting 
in good combustion which was confirmed by higher IMEP and peak 
cylinder pressure. They also simulated the effect of EOI timing and 
the injector protrusion inside the combustion chamber on the degree 
of stratification in terms of flammable mixture fraction and flammable 
fuel fraction by mass and concluded that EOI plays a significant role 
in achieving acceptable combustion stability. Lesser protrusion 
between the injector tip and the combustion chamber wall resulted in 
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adhesion of the jet on to the wall which was not found to be useful in 
forming good mixture stratification. The CO2 reduction and fuel 
consumption benefit in stratified mode was not high enough to 
compensate the additional cost of development and exhaust gas 
after-treatment. Therefore the full potential of stratified concept was 
not explored and further optimization was not carried out.
Chiodi, Berner and Bargende [23] investigated the effect of late 
injection timings and piston crown shapes with two different injector 
types on mixture formation for stratified operation by engine tests and 
CFD simulations. The single cylinder engine used here was derived 
from a production turbocharged Gasoline DI (GDI) engine with a CR 
of 9.5.
a. 
b. 
Figure 14. a) Piston crown shapes used for stratified studies b) Injector spray 
pattern, the injector axis is inclined by 35° to the piston crown plane [23]
As shown in Figure 14, a wall-guided injection system was chosen 
with a centrally-mounted spark-plug. Bosch GDI injectors were 
adapted for NG usage with high flow rate and at 50 bar supply 
pressure. The injected mass of 8 mg was kept constant. All 
experiments were done at 2000 RPM and part load of ~3.2 bar IMEP. 
The CR as a result of flat and modified pistons was 9.56 and 13.5 
respectively. Multi-injection strategy was found to improve the flame 
propagation rate. Three injections were carried out at varied injection 
durations and timings. The total duration was 45 CAD.
i. Single-hole injector
Figure 15.
ii. a. Multi-hole injectorFlat piston
i. Single-hole injector
ii. b. Multi-hole injectorModified piston
Figure 15. (cont.) Comparison of CFD simulation of injection (single vs. 
multi-hole) using a standard and modified piston design on stratified mixture 
formation (lambda contours) [23]
Figure 15 shows the result of the flow simulation study using 
Quicksim, a CFD tool developed by the researchers. They reported 
the enhanced in-cylinder turbulence as a result of multiple injection 
and injection during combustion to improve the combustion 
propagation in case of stratified mixtures. The multi-hole injector was 
more effective in creating a stratified mixture at the time of ignition. 
This can be attributed to the reduced penetration inside the chamber 
and improved mixing confining the gas jet near the spark-plug as can 
be seen in the simulations. It is interesting to note that at these 
injection timings and conditions, both piston designs aided in 
attaining good mixture stratification near the spark plug. In all cases, 
the stratified mixture operation was more efficient than the 
homogeneous case [23]
Bosch is currently developing monovalent CNG-DI concept and is a 
part of the Direct4Gas consortium [9]. In a recent study [24], they 
reported significant fuel savings and emission reduction potential in 
stratified DI mode over homogeneous PFI. The test engine was a 0.45 
L single cylinder with a CR of 10.5. The injector used was a 
multihole type operated at high fuel pressure of 100 bar. The test 
conditions were 4 bar IMEP and 2000 RPM. They reported an 
indicated thermal efficiency gain of 14.5% at equivalence ratio of 0.5 
compared to stoichiometric PFI and a gain of almost 22% at 
equivalence ratio of 0.3 as can be seen from Figure 16.
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Figure 16. Comparison of fuel consumption and emissions for stoichiometric 
PFI, lean PFI and stratified DI conducted by Bosch [24]
Infrared absorption and LIF techniques were used to study the gas jet 
distribution inside the combustion chamber of an optical engine. 
Their investigation showed that ignition had to be initiated before the 
gas reaches the spark plug.
Davy, Evans and Mezo [25] developed the Partially Stratified-Charge 
Combustion (PSC) system to extend the lean-limit operation of 
lean-burn NG engines resulting in improved BSFC and reduced NOx. 
A modified spark-plug as shown in Figure 17 was developed to inject 
small quantity of NG (pilot fuel) between the electrodes while an 
ultra-lean homogeneous mixture is maintained inside the cylinder. A 
Ricardo Hydra single cylinder 0.45 L research engine was used with 
a bowl-in piston and a CR of 12.1.
Figure 17. Modified spark plug for partial stratified combustion [25]
The pilot-fuel quantity was not more than 5% of the total fuel 
mixture. Engine experiments showed an improvement of 10% in 
BSFC at lambda 1.6 at 2500 RPM and WOT over homogeneous 
operation as seen in Figure 18. The SOI was 10 deg before spark and 
injection pressure was 25 bar. The concept shows the potential of 
partial improvements in efficiency and NOx emissions. The CoV of 
IMEP was below 5%. The overall leaner burn resulted in reduced 
NOx levels due to lower in-cylinder temperatures.
Recently, Zoldak and Naber [26] used a prototype spark 
injectorigniter to study the effect of injection during the compression 
stroke on performance and emissions in a heavy duty single cylinder 
engine. Optical studies of gas injection in a spray rig at a range of 
chamber pressures were also carried out to characterize the jet 
penetration [27]. Figure 19 shows the jet growth. The injector was 
solenoid actuated and had four holes of 1 mm diameter.
Figure 18. Lean limit extension at WOT and NOx reduction (% throttle) with 
the Partially Stratified Combustion concept [25]
Figure 19. Schlieren images of high pressure injection (200 bar) at 10 and 20 
bar chamber pressure [27]
The test engine was a 2.4 L single cylinder with a CR of 14 and 
operated at 200 bar injection pressure at 1200 RPM. By varying the 
SOI timing from 130° to 50° bTDC a partially stratified mixture was 
created. The results obtained were interesting. With MBT spark timing, 
a 40% and 15% ISFC improvement at 5 bar and 11 bar IMEP 
compared to premixed injection was obtained. The combustion 
duration was reduced to less than 15° at SOI timing of 70° bTDC and 
the cyclic variability in terms of CoV of IMEP was lower even at high 
loads. All improvements were observed at AFR of about 23:1, beyond 
which the combustion quality started to deteriorate. From these tests, it 
can be inferred that a good mixture quality is attained at the time of 
spark with sufficient time for mixing. The engine-out NOx and HC 
emissions were considerably reduced over premixed SI mode at MBT 
timings however there was a trade-off between ISFC and NOx 
emissions at the optimal minimum CoV (IMEP) spark timings. [26]
Yuichi [28] developed an electromagnetic gas injector with a six hole 
nozzle to examine the effect of injection and ignition timings on 
engine performance with a deep-dish type combustion chamber as 
shown in Figure 20. The test engine was a 1 L single cylinder with 
CR of 12 and swirl ratio of 2.2
They found that by locating the nozzle hole close to spark-plug, an 
extension of lambda of up to 2.3 could be achieved at injection timing 
of 30° bTDC with 150 bar injection pressure. Also, higher pressures 
provided stable and rapid combustion. The offset gas injection with 
respect to the piston cavity promoted mixing due to swirl flow by gas 
jet impingement against the wall which aided in extending the lean 
combustion domain. The THC was higher and NOx lower for leaner 
mixtures than at lambda 1. This signifies the importance of 
arrangement between injector, spark plug and combustion chamber. 
Similar results on the effect of mixing due to impingement on a 
cavity were also obtained by [29] where it was shown that igniting at 
the center of vortex which forms as a result of impingement improves 
combustion stability.
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Figure 20. Combustion chamber design with location of spark-plug and 
injector [28]
It is important to understand the mixing behavior of NG. It can be 
inferred from literature [30] that many researchers have found the 
optimum injection timing for homogeneous operation to be around 
180° bTDC (at start of compression stroke) at low speeds of 2000 
RPM for best efficiency while still maintaining low emissions. 
Although this is for homogeneous case, it signifies the relative 
importance of injection timing in attaining good mixing to be able to 
achieve stable combustion.
Fawzi, Kodoguchi, Oka and Kaida [31] compared both premixed and 
DI late-injection (single and double injections) on extending the lean 
limit on 7.4 CR two cylinder 0.3 L engine at part-load conditions 
(upto 6 bar IMEP) and low speed of 900 RPM.
Figure 21. CNG-DI injector and spark plug layout [31]
The injector was inclined 25° to the horizontal as shown in Figure 21. 
The cavity on the piston crown aided in stratification of the charge. 
The ignition and injection timing is shown in Figure 22. For the 
single injection case, equivalence ratio of 0.17, 0.30 and 0.35 was 
tested. For the double injection case, the second injection was kept 
the same as in for single injection which is 6° bTDC and duration of 
2°. The first injection was varied accordingly to get the desired 
equivalence ratio. The injection pressure was 30 bar.
Figure 22. Injection and Ignition timing chart for single and double injections [31]
The single late injection was successful in achieving a stable 
combustion at tested equivalence ratios resulting in ultra-lean 
stratified operation. They found that with late single injection it was 
difficult to maintain a stable stratified mixture at above 0.3 
equivalence ratio due to locally rich mixtures. This is due to the fact 
that the time after EOI and start of ignition is just 2.5 CAD which 
was not sufficient for mixing. The double injection case proved to be 
better than the rest in terms of low cyclic variation and higher peak 
pressures between 0.3 to 0.8 equivalence ratios. This shows that 
multiple injections can have better combustion stability over wider 
air-fuel ratios than single late injection. Also multiple injections open 
a much wider window to control injection timing and quantity to 
optimize combustion parameters and emissions. The emission study 
shows that for closer to stoichiometric conditions and for equivalence 
ratios (φ) between 0.3-0.7, early and two-stage injection must be 
adopted respectively for lower HC emissions.
University researchers in Malaysia [32] in 2009, developed CNG-DI 
system at a higher CR of 14:1 and a central-mounted spray-guided 
injection system using low pressure (18-20 bar) prototype injectors 
designed by Orbital Corporation which is a poppet style outward-
opening type. Hagos, Aziz, Sulaiman and Firmansyah [33] studied the 
late injection limits of NG at constant injection and ignition timing of 
90° and 28° BTDC respectively at wide open throttle (WOT) condition. 
The test engine was a 0.4L single cylinder research engine. The fuel 
injection pressure was 18 bar and the injector had a narrow spray angle 
of 30°. A large bowl-in piston was selected to improve charge 
stratification. A best lambda of 2.73 was reported at 3000 RPM. They 
observed an increasing optimum lambda with increasing speed 
suggesting the effect of high turbulence aiding in combustion due to 
the large piston bowl shape. Emissions were not reported.
Shahzad, Naveenchandran and Aziz [34] studied experimentally the 
characteristics of lean stratified and stoichiometric combustion with 
two piston designs as shown in Figure 23. In this study, the injector 
had a wide spray angle of 70°.
The stratified piston design had a larger bowl shaped cavity to 
achieve good stratified mixture by jet deflection towards the spark 
plug. They found faster initial combustion and slower burn rate at 
later stage with late injection timing of 100°-120° bTDC for engine 
speeds between 2000-4000 RPM whereas the opposite was observed 
for stoichiometric homogenous combustion. The combustion 
pressures were higher than at stoichiometric for all cases. The fast 
initial burn in stratified mode was attributed to rapid combustion due 
to higher initial turbulence followed by slower diffusive burn.
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Figure 23. Piston designs for homogeneous stoichiometric and stratified lean 
operation (with larger piston cavity) [34]
Firmayansh and Aziz [35] investigated the effect of wide and narrow 
spray angle gaseous direct injector at 2000 RPM on engine performance.
Figure 24. Schlieren images of CNG jets injected at pressure of 18 bar into 
ambient conditions: narrow angle vs. wide angle injector nozzle [35]
Figure 25. Cylinder head layout and the low pressure Orbital Injector [36]
Figure 24 shows the schlieren images of gas jet issued from two 
similar injectors but different spray angles.
Recently, Melaika and Dahlander [37] studied stratified combustion 
with the prototype injector from Orbital Corporation using a dual-coil 
ignition system. The experiments were performed in an AVL single 
cylinder 0.48L optical research engine with a CR of 9.8.
Figure 26. Cross-sectional layout of cylinder head with central-mounted 
injector and operating points studied at 1000 RPM [37]
Table 1. Engine operating conditions at 1000 RPM and 3.5 bar IMEP
They reported about 28% lower ISFC compared to stoichiometric 
combustion as can be seen in Figure 27. The engine operating 
conditions are shown in Table 1. This shows the potential of stratified 
operation even at low injection pressures.
Figure 27. ISFC reported for different operating conditions [37]
Figure 28. Combustion images (at 41.6 deg aTDC - random cycles) [37]
Emission spectrum analysis and high-speed combustion imaging 
(Figure 28, seen through cylinder side) was carried out that supported 
higher CoV of IMEP and soot formation due to fuel-rich areas 
(diffusion burn) as a result of poor mixing.
Stratified Mixture Requirements for CNG-DI
It is clear that the injection system predominantly defines the level of 
stratification achievable across the engine map. In the case of GDI, 
the latest outward-opening poppet-type piezo injector with multiple-
injection capability has been successful in achieving high efficiency 
stratified combustion at a wide range of speeds and loads [38]. 
Similar classification of the DI concept can be applied for gaseous 
fuel as well, mainly the wall-guided and spray-guided systems. With 
the aid of CFD simulation techniques injection systems can be 
optimized for specific applications. For NG, understanding the 
compressible jet characteristics and the flow structures at late 
injection conditions is critical in achieving desired mixture 
preparation. To this end, it is worthwhile to compare with GDI 
stratified requirements. The biggest difference would be the density 
and mixing behavior. For instance, at a high injection pressure of 200 
bar, the density of CNG would be about ~130 kg/m3 which is much 
less than that of gasoline (~740 kg/m3). Although the energy density 
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of CNG (~47 MJ/kg) is higher than gasoline (~44 MJ/kg), low 
density is still the major concern. A vaporizing fuel spray mixes faster 
than gaseous fuel [39] and as a result the penetration of NG would be 
higher. On the other hand, unlike in GDI engines, gaseous DI doesn’t 
have to deal with mixture inhomogeneity caused due to fuel 
impingement and wall wetting, which is a source of soot and 
particulates. This can be advantageous in mixture preparation for NG 
as previously shown by suitably designing the combustion chamber. 
High pressure injection can increase the turbulence level of the 
mixture aiding in faster mixing and flame speeds. Based on the 
critical pressure (Pc) ratio expression [10] for choked flow (Mach 1), 
the minimum fuel pressure can be calculated.
(2)
For γ = 1.32 (methane) the pressure ratio (ratio of injector fuel 
pressure to in-cylinder pressure) would be about 1.84. It would be 
advantageous to maintain a choked flow condition during the period 
of injection so as to maximize the flow rate which then will only be a 
function of fuel pressure and the flow area. The isentropic choked 
mass flow rate can be expressed as [10]:
(3)
Where Cd is the coefficient of discharge, A is the flow area, Po and To 
are the upstream fuel pressure and temperature, γ and M are the 
specific heat capacity ratio and molecular weight of the injected 
gaseous fuel and R being the universal gas constant. A large flow area 
will be essential to get high mass flow rates with relatively lower 
injection pressures. Higher mass flow rates ensure a small injection 
duration which is an important parameter determining the degree of 
stratification. Longer durations can lead to excessively lean mixtures, 
causing misfire and unstable flame propagation. The injector must 
also be able to produce highly repeatable jet characteristics and 
precise fuel metering. It would be difficult to generalize the mixing 
characteristics, as it highly depends on the combustion chamber 
configuration, in-cylinder flow structure and most importantly the 
injector. The nozzle internal geometry, jet shape, injector 
characteristics such as rate of injection etc. are critical in designing an 
optimum injection system to attain good stratification. The interaction 
of the gas jet with in-cylinder flow-field which is temporally and 
spatially dependent determines the mixing behavior. These processes 
determine the mixing rate and level of stratification. The combustion 
processes such as flame initiation and propagation at various levels of 
stratification need to be studied as well.
Flow Characteristics of Natural Gas
The injection of gaseous fuels is highly turbulent and transient in 
nature. Ouellette and Hill [40] have given a review of turbulent jet 
theory. They formulated a simple transient turbulent jet model to 
characterize the penetration of a gas jet issued from a circular nozzle.
Figure 29. Representation of transient turbulent jet model [41]
The transient jet was assumed to comprise of a steady-state jet headed 
by a spherical vortex. Based on experimental observations that the 
ratio of maximum jet width to penetration length reaches a constant 
value after a certain time after injection (self-similarity principle) and 
based on momentum conservation, they expressed the axial 
penetration (z) as [40]:
(4)
Ṁn is the injection momentum rate, ρa is ambient density, t is time 
from beginning of injection. The penetration constant Γ was found to 
be 3 ± 0.1. This expression is valid for distances greater than about 
15-20 nozzle diameters and for times in the order of typical injection 
durations. This equation can be further transformed by employing 
length and time scales as follows [40]:
(5)
(6)
Where deq is the equivalent diameter, dn the nozzle diameter, Un and 
ρn are the velocity and density of the injected gas at the nozzle. The 
above expressions show that the gas jet penetration is proportional to 
square root of injection time and 1/4th root of density ratio i.e. 
between fuel density at nozzle exit and ambient density for a given 
nozzle diameter. The experimental measurements were found to be in 
good agreement with the above expression. The application of 
self-similarity criteria coupled with equivalent nozzle diameter 
parameter provides a simple description of jet penetration. This is 
applicable even for highly under-expanded jets where the expansion 
structures are quite different from those at moderate expansion.
It must be noted that the compressible flow zones as shown in Figure 
30 are not penetrable and no mixing can occur. Recently Rogers, 
Petersen and Lappas [42] experimentally characterized the penetration 
rates for a wide range of pressure ratios (up to 400) and they were 
found to closely follow the above correlations. The influence of injector 
needle lift on shock structure formation was also reported.
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Figure 30. Typical under-expansion process of a gas Jet [40]
The rate of jet penetration inside the combustion chamber is very 
critical in mixture formation. If the penetration is high then the jet 
may impinge on the piston at late-injection timing close to BDC and 
disperse quickly towards the cylinder wall. This may lead to 
over-leaning and increased cyclic variations. Reducing the diameter 
and increasing the number of holes can aid in mixing [39] and 
decreasing the jet penetration. To offset the high dispersion rates of 
the jet, it can be advantageous to exploit the piston geometry. A 
bowl-in piston for a centrally mounted injector can be designed to 
direct the fuel towards the spark plug. Further investigations are 
needed to study the effect of surface impingement and the subsequent 
vortex formation [42, 43].
Gas jets issued from outward-opening poppet-type nozzles behave 
very differently to those issued from round nozzles. Ouellette and 
Hill [44] was arguably the first to study the flow behavior from such a 
nozzle for engine application. Their study was carried out at a limited 
number of operating points (fuel pressure 2-5 bar). Similar model as 
that used for round nozzles was used to predict the penetration for 
small nozzle angles. Poppet nozzle angles of 10°, 20° and 30° were 
tested to validate the model which assumed similar velocity and 
concentration profiles as those for round nozzles. The nozzle angle is 
defined as the angle between the horizontal and the nozzle seat as 
seen in Figure 31.
Figure 31. Ouellette’s model of Gas Jet flow from poppet nozzle [44]
The variation of penetration rate with pressure ratio predicted by the 
model was in good agreement with experimental observations 
(schlieren imaging) for a 10° poppet angle only. At higher nozzle 
angle, the conical gas jets merge and collapse axially along the 
injector’s axis. As a result, it must be noted that the model which is 
based on theory of round free jets might not be applicable for 
conditions when the jet collapses (ex. large poppet angles) because 
the initial assumptions such as velocity and concentration decay 
profiles are no longer valid. Also, even for 10° angle, because of the 
inward curvature the model over-estimates the penetration during 
early stages of injection by about 15% at a pressure ratio of 2. The 
model also considers the equivalent nozzle length scale parameter 
similar to that for round nozzles, however as mentioned earlier, it 
doesn’t consider the curvature effect and may not be applicable for 
collapsing jets.
The jet behavior and collapsing tendency is shown in the studies by 
Kuensch et-al [45]. They investigated the gas jet flow issued from an 
outward opening GDI injector using the PLIF technique in a spray 
chamber at atmospheric pressure. The tested fuel pressures were up to 
30 bar.
Figure 32. PLIF images of gas jet flow issued from poppet nozzle at Pinj of a) 
5 bar and b) 30 bar taken at 0.4 ms aSOI [45]
From the above image, it is evident that the flow pattern of conical 
jets is very different from a round nozzle. The results [45] indicate 
that the fuel pressure has a greater effect on the maximum jet width 
than on axial penetration. When the pressure was increased from 10 
to 30 bar, the increase in jet width was about 50% while the axial 
penetration almost did not change. They found similar observations 
of collapsing tendency of the gas jet which occurred later in time for 
higher pressures and larger injector needle lift. Another interesting 
result of their experiments was that the axial penetration scaled with 
t0.8 as opposed to t0.5 for round jets.
Recently, Bosch has studied mixture formation from an outward-
opening nozzle and its effect on CNG-DI combustion. In [46], they 
have compared engine performance at full load with both nozzles i.e. 
round and poppet types. It is clear that the axial penetration is 
comparatively smaller for poppet nozzles and as a result, the gas jet 
spreads more radially than axially. The radial spread was observed to 
be a function of the nozzle angle and injection pressure. The 
immediate formation of a toroidal vortex followed by the jet’s axial 
collapse has been reported by other researchers too [47, 48 and 49]. 
Also, depending on the injection pressure, nozzle geometry and the 
protrusion length of the injector tip inside the combustion chamber, 
the gas jet can flow along the cylinder head wall due to the Coanda 
effect [47, 50]. The flow characteristics from such a nozzle will be the 
subject of another paper.
Summary/Conclusions
A review of late injection studies of Natural-Gas for Direct-Injection 
Spark-Ignition Engines is presented. Direct-Injection of NG is 
currently being investigated by the automotive industry as it promises 
substantial improvement in peak torque and thermal efficiency 
compared to port-injection. To explore the potential of stratified 
Downloaded from SAE International by Brought to you by RMIT University, Monday, April 15, 2019
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combustion, understanding the gas jet behavior is essential. Research 
in this regard is relatively new and is promising. The flow 
characteristics of gas jets issued from inward-opening round nozzles 
is well documented in the literature while the outward-opening 
poppet type nozzle shows significantly different flow behavior and is 
not as well understood. This latter type of nozzle has practical 
advantages as low injection pressures can be utilized whilst reducing 
the penetration of the gas jet. Both types of nozzle can produce a 
stratified mixture by suitably optimizing the combustion chamber 
geometry. In addition to studies to better understand the annular flow 
from outward-opening poppet nozzles, further studies are needed to 
understand the ignition and combustion processes of NG to develop a 
successful direct-injection stratified system.
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SINGLE CYLINDER ENGINE TESTS 
 
3.1 Engine Test Cell Configuration 
 
The test engine used in this research is a single cylinder four-stroke research engine 
which is coupled to an AC dynamometer. The facility is located in the Green Engines 
Laboratory (GEL) at RMIT University. The engine and the dynamometer are 
manufactured by AVL GmbH, Austria. A photograph of the test bed can be seen in 
Figure 6. The engine cylinder size is representative of a typical passenger car. The 
detailed specification is presented in Table 1 below. 
 
Table 1. Specification of the single cylinder naturally aspirated research engine. 
 
Engine Parameter Dimension 
 
Capacity 
 
475.3 cc 
Bore X Stroke 82 mm x 90 mm 
Connecting Rod Length 147.5 mm 
Compression Ratio 10.5:1 
Number of Valves 2 inlet and 2 exhaust (twin overhead) 
Valve diameter Inlet - 31 mm. Exhaust – 27 mm  
Valve Overlap 18° 
Piston Shallow Bowl (2.7 mm deep) 
Diameter of Bowl: 73 mm (top)  
63 (bottom) 
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Figure 6. The AVL single cylinder research engine (SCRE) dynamometer test bed. 
 
The engine is fully instrumented to investigate spark ignition combustion of liquid 
fuels such as gasoline as well as alternative fuels such as CNG, LPG, H2 and NH3 
(ammonia). The intake manifold is equipped with a thermocouple for measurement of 
intake air temperature and a highly accurate piezo-resistive sensor (AVL LP11DA) for 
precise measurement of intake pressure. Similarly, the exhaust manifold is equipped 
with a thermocouple and piezo-resistive sensor (AVL LP11DA) for accurate 
measurement of temperature and pressure of the exhaust gas respectively. The 
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exhaust manifold is also equipped with an O2 sensor to measure the oxygen content 
in the exhaust gas which is used to calculate the relative air-fuel ratio (λ) of the mixture 
being combusted.   
 
The cylinder head features a pent-roof combustion chamber with a volume of 
approximately 50 cc. The engine is equipped with a 6.2 mm piezo-electric sensor (AVL 
GU22C) installed in the cylinder head and exposed to the combustion chamber for 
precise measurement of in-cylinder pressure. This is the most important sensor in a 
research engine as knowledge of in-cylinder pressure is prerequisite for detailed 
combustion analysis which involves estimation of work done, burn duration, heat 
release rate, prediction of knock, cycle-to-cycle variations, etc. The cylinder pressure 
reveals lots of information on how well an engine behaves and is used as a diagnostic 
tool. Therefore, it is utmost necessary for engine research. 
 
 
 
 
Figure 7. 3D CAD model of the cylinder head showing locations of in-cylinder pressure 
sensor, direct injector and spark plug cavities. 
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As shown in Figure 7, the cylinder head features a centrally mounted direct injector. 
The spark plug cavity is spaced closely in an inclined fashion next to the injector cavity 
at an angle of approximately 17.65°. A Bosch six-hole GDI injector is used for most of 
the engine tests, as CNG-DI injectors are not in production yet. The injector is actuated 
by a Bosch HDEV driver which is connected to the AVL data acquisition system. A 
conventional TCI (transistorised coil ignition) based single coil unit is used which is 
connected to a M12 (thread size) NGK spark plug. The dwell time of the ignition coil 
is kept constant at 4 ms. 
 
The AVL 365C angle encoder is used to measure the engine speed which is also used 
to synchronise in-cylinder pressure trace, etc. with respect to crank angle. The 
resolution of the encoder is set to 1°. The engine oil and coolant temperatures can 
be pre-set to mimic conditions in real world driving. In all engine experiments 
presented here, these temperatures are set and maintained at 90° C. Natural gas is 
stored in high pressure cylinders at about 150 bar and is delivered to the fuel injector 
at required pressure of 100 bar using two pressure regulators. A highly accurate strain 
gauge based sensor (AVL SL31D-200) is installed just above the injector to measure 
the fuel pressure. The mass flow rate of the fuel is measured accurately using a coriolis 
flow meter (Siemens FC300). The ignition timing, injection timing and duration is 
controlled by a programmable engine timing unit (ETU) from AVL.  
 
All the above-mentioned sub-systems are connected to the AVL high-speed data 
acquisition (DAQ) system – AVL Indimodul and AVL F-FEM units which are integrated 
to the AVL P400 dynamometer control bench. The Indimodul 622 is a 14-bit 8 channel 
DAQ device with a sampling rate of 800 kHz per channel. This is used for all high-
speed data acquisition such as engine RPM, intake and exhaust manifold pressures, 
in-cylinder pressure, fuel pressure, fuel flow rate etc. The AVL MicroIFEM amplifier is 
used for conditioning the signal from the in-cylinder pressure sensor and the fuel 
pressure sensor. The low-speed F-FEM units are used for acquiring dynamometer 
speed and torque, fuel flow rate, temperatures and pressures (low) of various sub-
systems such as engine oil, coolant, etc. Real time monitoring of the engine data such 
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as in-cylinder pressure trace, IMEP (indicated mean effective pressure), CoV of IMEP, 
pressure and temperature of intake and exhaust manifolds, coolant and oil 
temperatures, knock levels, engine torque, heat release rate, lambda, etc. is achieved 
using the AVL Indicom software package. The acquired data can be resolved on either 
crank angle or time basis.  The AVL Concerto software is used to analyse the acquired 
data in the form of spreadsheets and graphs.  
 
The specification of some of the important sensors can be found in the appendix. 
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3.2 Engine Performance Analysis 
 
The combustion metrics used to characterise the performance of the engine are listed 
below: 
 
• Engine efficiency  
 
The indicated thermal efficiency is used to describe efficiency of the engine which is 
defined as ratio of the net work done by the engine to the energy content of the fuel 
delivered in a cycle as shown in Equation 1. 
 
Equation 1. Net indicated engine thermal efficiency. 
 
𝛈𝛈ind = 𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈n ∗  𝐕𝐕s𝐦𝐦cycle ∗ 𝐋𝐋𝐋𝐋𝐕𝐕 
 
Where η ind is the net indicated thermal efficiency, IMEPn is the net indicated mean 
effective pressure, Vs is the swept volume of the engine, mcycle is the mass of fuel 
injected per cycle and LHV is the lower heating value which represents the energy 
content of the fuel. 
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Figure 8. Pressure-volume (P-V) diagram of a naturally aspirated real engine cycle. 
 
The net work done is best described using the classic pressure-volume diagram as 
shown in the above Figure 8. As can be seen two loops can be identified. The area 
under the bigger loop represents the positive work done by the piston as a result of 
combustion whereas the smaller loop represents the negative work done on the piston 
during the intake and exhaust strokes also known as the gas exchange loop. In a fired 
engine, the high pressure loop is always positive and the gas exchange loop is always 
negative resulting in net positive work. In case of boosted engines, the gas exchange 
loop can be positive as well.  
 
The work done is the net summation of the two loops. The IMEPn is calculated by 
integrating the cylinder pressure (pcyl) with respect to swept volume as shown in 
Equation 2.  
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Equation 2. Net IMEP for one engine cycle. 
 
𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈n =  𝟏𝟏𝐕𝐕s  � 𝐩𝐩cyl d𝐕𝐕+360−360  
 
The average mass of fuel injected per cycle can be easily calculated from the fuel flow 
rate and the engine speed. 
 
• Coefficient of Variation (CoV) of IMEPn 
 
This is defined as shown in Equation 3 where σ and µ represents the standard deviation 
(SD) and mean of IMEPn respectively for 100-300 consecutive engine cycles.  
 
Equation 3. Coefficient of Variation (CoV) of IMEPn. 
 
𝐂𝐂o𝐕𝐕 =  �𝛔𝛔
𝛍𝛍
�
IMEPn
∗ 𝟏𝟏𝟏𝟏𝟏𝟏 
 
The CoV (%) of IMEPn represents the overall cycle-to-cycle variability in combustion. 
This is also used as a metric to evaluate the stability of an engine. Generally, a CoV of 
less than 5% is recommended and the current trend in the industry is towards <3%.  
 
• Combustion duration 
 
The rate at which chemical energy of the fuel is released by combustion can be 
calculated using the in-cylinder pressure. The combustion chamber can be considered 
as an open system for combustion analysis. Applying the first law of thermodynamics 
and by using the ideal gas law, the net heat release can be approximated as shown 
in Equation 4. 
 
Equation 4. Rate of net heat release. 
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𝐝𝐝𝐝𝐝𝐧𝐧
𝐝𝐝𝐝𝐝
=  𝟏𝟏
𝐧𝐧 − 𝟏𝟏
 ∗  �𝐧𝐧 ∗ 𝐩𝐩 ∗ 𝐝𝐝𝐕𝐕
𝐝𝐝𝐝𝐝
+  𝐕𝐕 ∗ 𝐝𝐝𝐩𝐩
𝐝𝐝𝐝𝐝
� 
 
Where dQn/dθ is the rate of fuel energy released per crank angle, p is pressure, V is 
engine swept volume and n is the polytropic coefficient which is related to the specific 
heat ratio (γ) of the cylinder gases.  
 
As γ varies with temperature and composition, different polytropic constants are used 
for the compression and expansion part of the cycle. The above equation represents 
fraction of the total fuel energy that is used to do useful work on the piston and is 
known as the net heat release. The remaining fuel energy is lost as heat mainly to the 
cylinder walls and exhaust gases.  
 
 
 
Figure 9. Calculation of combustion durations from the net heat release (joules) curves. 
Adapted from: [7]. 
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A sample heat release profile is shown in Figure 9. Integrating the net heat release 
rate curve allows to characterise the fraction of energy released as depicted in the 
above figure.  
 
The following definitions are used to characterise the mass burn durations [8]: 
 
Flame development angle:  10% mass fraction burned (MFB) – spark timing.  
 
Combustion duration:  90% MFB – 10% MFB 
 
The flame development angle is also referred as the ignition delay. Numerous studies 
have found that for maximum torque output, the location of 50% energy release also 
known as CA50 should be between 8º to 10º aTDC. The spark timing that results in 
the above CA50 is referred to as the MBT (maximum brake torque) timing.     
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3.3 Comparative Study between Early and Late Injection in a Natural Gas 
fuelled Spark Ignited Direct Injection Engine 
 
The work related to this section has been peer reviewed and published in Energy 
Procedia. 
 
The full paper is attached in the following pages and can also be obtained 
via https://www.sciencedirect.com/science/article/pii/S1876610217301698 
 
This work can be cited as: 
 
Sankesh D, Edsell J, Mazlan S, Lappas P, “Comparative Study between Early and Late 
Injection in a Natural Gas Fuelled Spark Ignited Direct Injection Engine”, Energy 
Procedia, Volume 110, March 2017, Pages 275-280, ISSN 1876-6102. 
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Abstract 
Natural gas is a cleaner burning alternative fuel that has the potential to widely replace conventional fuels. The use of Compressed 
Natural-Gas (CNG) in spark-ignited (SI) engines can reduce CO2 emissions by up to 20% compared with gasoline operation. 
Currently, all spark-ignited CNG engines for passenger vehicles are port-fuel injected (PFI). They suffer loss of peak torque and 
power due to a reduction in volumetric efficiency. Direct-Injection can overcome this drawback by injecting the fuel after intake 
valve closure, leading to significant improvements in torque output.  In this experimental study, we present the effects of injection 
timing, before and after the inlet valve closure on combustion duration and engine thermal efficiency at low load and WOT (Wide 
Open Throttle) conditions. At low-loads, late-injection increases pumping losses compared to early-injection at a given loading 
condition but combustion is faster due to higher turbulence at the time of ignition. As a result, the thermal efficiencies are similar 
at these injection timings. 
 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
The automotive industry faces a greater challenge today to reduce harmful pollutants and CO2 emissions. This has 
promoted the industry to revisit natural-gas as fuel for spark-ignited internal combustion engines for its potential to 
improve engine efficiency, performance and emissions. In [1], the authors have carried out an extensive review of 
natural-gas as a transportation fuel which is considered as the most promising alternative fuel. Although, port-injected 
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CNG technology is tried and tested, it has not become as popular as conventional fuelled vehicles particularly in 
passenger vehicle market. One of the reasons besides lack of infrastructure and refueling stations is the lower torque 
and power output compared to gasoline in bivalent vehicles. This is due to reduced volumetric efficiency as the gaseous 
fuel displaces incoming fresh air resulting in reduced peak torque and power. This inherent drawback exists in 
dedicated CNG engines as well. Direct-injection can overcome this loss of torque by injecting the fuel after intake 
valve closure. This has been well reported in the literature by many researchers [2]. Recently [3] reported a significant 
improvement in torque at low speed and full-load condition using direct-injection with an optimized injector for 
natural-gas in conjunction with turbocharging. At part-loads, direct-injection has higher pumping loss compared to 
port-fuel injection. Recently [4] have also assessed the performance of CNG direct-injection compared to gasoline and 
CNG port injection using a prototype CNG direct-injector and have got similar trends. This study highlights the effects 
of injecting the fuel before and after the intake valve closure period on combustion performance at stoichiometric air-
fuel ratio condition.  
2. Experimental Method 
The test regime consisted of operating the engine at three speed points (1000, 1500 and 2000 RPM) and four load 
points (2, 4, 6 bar IMEP and WOT condition). A sweep of start of injection (SOI) is carried out for both early and late 
injection periods for all engine operating points and the optimum SOI in terms of lowest coefficient of variation (CoV) 
in IMEP and fuel flow rate is considered. The SOI for early-injection is during the valve open period and for late-
injection it is during and/or after the intake valve closure. The ignition dwell time is kept constant at 4 ms and the 
ignition timing is optimized such that 50% of mass fraction burned location is at 8-10º aTDC (CA50) 
 
The Engine Specifications are as per Table 1 below. 
                           Table 1. AVL single cylinder naturally aspirated research engine specifications. 
Engine Parameter Dimension 
Bore 82mm 
Stroke 90mm 
Capacity 475.5 cc 
Conrod Length 147.5 mm 
Compression Ratio 10.55:1 
Twin Overhead Valve configuration, with 4 valves, 2 inlets, 2 exhaust. 
Inlet Valves Diameter 31mm 
Exhaust Valves Diameter 27mm 
Valve Overlap 18o 
Piston: Shallow Bowl (2.7 mm deep), Diameter of the bowl: top of bowl 73 mm, bottom of bowl 63 mm). 
 
 
     A Bosch GDI multi-hole injector controlled by a Bosch HDEV1.1/HDEV1.2 controller which responds to a TTL 
pulse generated from the AVL control system is used to inject the required mass of fuel into the engine to meet air/fuel 
ratio requirements. The fuel pressure is kept constant at 100 bar. Natural-gas is issued to the injector from commercial 
CNG cylinders through two stage pressure reductions (200-150 bar and 150-100 bar) via two pressure regulators. The 
flow rate of the fuel is measured by a coriolis flow meter (Siemens Sitrans FC300) connected to mass flow readout 
(Siemens Sitrans). The temperature of engine oil and coolant are maintained at 90o C. The methane content in the fuel 
is about 90% and the energy content is 44.68 MJ/kg. In-cylinder pressure measurement is carried out for 100 
consecutive cycles and the average values are presented.  
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3. Results and discussion 
3.1. Part load performance 
Fig. 1 and 2 compares the effect of early and late injection on intake manifold absolute pressure (MAP) and 
pumping losses (PMEP). As can be seen for late injection at all conditions tested, the MAP needs to be lowered by 
throttling for same load and as a result the pumping loss increases. In case of early injection, the displacement of 
intake air by the gaseous fuel means that the throttle must be opened more to maintain same load which increases the 
MAP. It can be clearly observed that the reduction in MAP translates to increase in pumping losses almost in 
proportion. 
 
Dashed and solid lines in figures represent early and late injection respectively. 
  
  Fig. 1. PMEP vs. Engine RPM                Fig. 2. Intake MAP vs. Engine RPM 
 
     Late-injection considerably improves the turbulence aiding in faster combustion as shown in Fig. 3 and as a result 
the gross IMEP is higher than for early-injection. The spark advance can be retarded substantially in comparison with 
early-injection as shown in Table 2.  The fast burn as a result of increased levels of turbulence when injected after 
valve closure has also been reported by [3] at WOT condition compared to PFI mode and also by [4] at low load and 
speed. 
 
Table 2. Optimized spark timings (bTDC) for early and late injection conditions at different load (IMEP) and speed points. 
 
 2 bar 4 bar 6 bar 
Early Late Early Late Early Late 
1000 RPM 26 11 16 8 10 8 
1500 RPM 26 13 16 11 12 10 
2000 RPM 29 17 25 15 16 12 
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Fig. 3. Comparison of cylinder pressure traces for early and late injection at 1000 and 2000 RPM 
 
     As a result of these two opposing effects, i.e, the increase in pumping loss and improvement in combustion rate at 
late-injection, the net effect is that the thermal efficiencies are similar as shown in Fig. 4. The percentage change in 
thermal efficiency is less than 3%. 
Fig. 4. Comparison of thermal efficiency for early and late injection conditions 
3.2. Full load performance 
     At WOT condition late-injection after valve closure period increases the volumetric efficiency and as a result the 
work output increases as shown in Fig. 5. The improvement in combustion rate at WOT can be seen from spark 
advance timings in Fig. 6 and from the in-cylinder pressure traces in Fig. 7. In Fig. 7, the increase in cylinder pressure 
before ignition can be clearly seen which is due to increased volumetric efficiency. 
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             Fig. 5. IMEP vs. Injection timing at WOT     Fig. 6. Spark advance vs. RPM at WOT 
 
Fig. 7. Pressure trace comparison between early and late injection at WOT and 1500 RPM 
 
     The improvement in volumetric efficiency and hence work output due to injecting the fuel after valve closure at 
WOT conditions has been reported in the literature [3-7]. The increase in IMEP reduces with increasing speed from 
about 10% at 1000 RPM to 6% at 2000 RPM. This is due to longer injection durations in crank angle degrees needed 
at higher speeds and so part of the fuel has to be injected before valve closure. A high flow rate injector can be used 
to reduce the duration of injection. The percentage increase in thermal efficiency at late injection timing is less than 
1.5% as shown in Fig. 8. The CoV of IMEP for all operating points is between 0.4% and 1.5% 
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Fig. 8. Comparison of indicated thermal efficiency at WOT conditions 
4. Conclusions 
     At part-loads, for natural-gas direct-injection, injecting the fuel after valve closure significantly increases the 
combustion rate (when compared to injecting during the valve open period) due to enhanced turbulence at the time of 
ignition. The increased work output associated with this higher combustion rate is slightly offset by pumping losses 
to maintain a given load. At WOT conditions, late-injection improves volumetric efficiency and hence work output 
increases. The improved combustion rate due to late-injection is present at all load points. No appreciable change in 
indicated thermal efficiency was observed due to late-injection timing for all conditions tested. The data from these 
tests suggest that for CNG direct-injection engines either of the injection timing strategy is suitable for low loads. 
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3.4 Experimental Study on Combustion Characteristics of CNG 
 Direct Injection in a Spark Ignition Engine 
 
The work related to this section has been peer reviewed and published in the 
proceedings of the FISITA 2018 World Automotive Congress (37th). 
 
The full paper* is attached in the following pages and can also be obtained 
via https://www.fisita.com/store/bookstore/fisita-2018-world-automotive-congress 
 
This work can be cited as: 
 
Sankesh D and Lappas P, “Experimental Study on Combustion Characteristics of CNG 
Direct Injection in a Spark Ignition Engine”, FISITA World Automotive Congress, Oct 
2018, Chennai, INDIA. 
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ABSTRACT 
Natural gas (CNG) for spark ignition (SI) engines has the potential to reduce CO2 emissions 
by more than 25% compared with gasoline operation. Currently, all spark ignited CNG 
engines that are in mass production have port fuel injection. They suffer loss of peak torque 
and power relative to gasoline engines due to reduction in volumetric efficiency. Direct 
injection (DI) can overcome this drawback by injecting the fuel after intake valve closure 
leading to significant improvements in engine performance. This study compares the effects 
of early and late injection (before and after intake valve closure respectively) on engine 
performance metrics like combustion durations, thermal efficiency, emissions and lean 
operation at the world wide mapping point (WWMP) i.e. at 3.3 bar IMEPn and 1500 RPM. 
The results show that late injection compared to early injection causes faster combustion as a 
result of higher turbulence at the time of ignition and that the resultant increase in thermal 
efficiency is offset by increased pumping losses to maintain the IMEPn. The faster 
combustion due to injection induced turbulence reduces the cyclic variations which also aids 
in extending the lean limit at the WWMP. 
TECHNICAL PAPER 
Introduction 
The automotive industry currently is facing an enormous challenge to improve the fuel 
efficiency of vehicles and reduce emissions without compromising vehicle 
performance. Natural gas (CNG)due to its favorable fuel properties offers substantial 
benefits compared to conventional liquid fuels both in spark ignition and compression 
ignition cycles [1]. Currently, in all CNG SI engines, the fuel is port injected which results in 
approximately 10% lower peak torque and power than for gasoline engines. This is because 
of the reduction in volumetric efficiency due to the partial displacement of the incoming 
fresh air by the gaseous fuel. DI can overcome this 
drawback by injecting the fuel after intake valve closure. This has been well reported in 
the literature by many researchers [1-3]. Recently Hall et al. [3] reported a significant 
improvement in torque at low speed and full load condition using a prototype CNG-DI 
injector in conjunction with turbo charging. In [1], the authors’ present a review of CNG-DI 
studies with special focus on late injection stratified combustion. In [2], the authors’ have 
shown that at part loads, DI with late injection (after valve closure) has higher 
pumping loss compared to early injection(during valve opening period) which is slightly 
offset by faster burn due to injection induced turbulence. Faster burn was also found to 
considerably improve the combustion stability defined by the CoV(coefficient of 
variation) of IMEPn (net indicated mean effective pressure).It was also shown that an 
45
improvement of 11% at 1000 RPM and 7.5% at 2000 RPM in peak IMEPn was possible 
by injection after valve closure which also increases the net thermal efficiency. In this study, 
we investigate in detail the effect of increased turbulence at late 
injection conditions in a single cylinder engine, especially on the lean limit at the 
WWMP. 
Experimental setup 
The test engine is operated at the WWMPi.e. at 3.3 bar IMEPn and 1500 RPM which 
represents a low load and speed scenario. The engine test bed can be seen in Figure 1 and the 
specifications are presented in Table 1. The start of injection timing for early injection event 
is kept constant at 330° bTDC, i.e. at the earliest timing. A sweep of injection timing was 
performed for late injection event. It was found that injecting at 120° bTDC resulted in 
lowest CoV (IMEPn) and therefore this is maintained across all test points. The injection 
timings can be visualized against the inlet valve lift profile from Figure 2. The ignition dwell 
time is kept constant at 4 ms and MBT timing is maintained across all test points. 
Figure 1: Single cylinder AVLSIresearch engine 
Engine Parameter Dimension 
Bore 82mm 
Stroke 90mm 
Capacity 475.3 cc 
Conrod Length 147.5 mm 
Compression Ratio 10.55:1 
Twin Overhead Valve configuration with 4 valves (2 inlets and 2 
exhausts), centrally mounted injector and spark plug. 
Inlet Valves Diameter 31mm 
Exhaust Valves Diameter 27mm 
Valve Overlap 18o 
Piston: Shallow Bowl (2.7 mm deep), Diameter of the bowl: top of 
bowl 73 mm, bottom of bowl 63 mm) 
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Table 1: Specifications of the AVL single cylinder naturally aspirated research engine. 
A six-holeBoschGDIinjectoris used to directly inject natural gas into the cylinder. The fuel 
pressure is kept constant at 100 bar. Naturalgas is issued to the injector from commercial 
CNG cylinders through two stage pressure reductions (200-150 bar and 150-100 bar) via two 
pressure regulators. The flow rate of the fuel is measured by a coriolis flow meter (Siemens 
Sitrans FC300). The temperature of engine oil and coolant are maintained at 90o C. The 
methane content in the fuel used for this study is 92.3% and the energy content (lower 
calorific value) is 46.8 MJ/kg. The stoichiometric air-fuel ratio and the molar mass of the fuel 
is 16.25 and 17.45 g respectively. The engine-out emissions are measured by the AVL i60 
FTIR emissions analyzer. All sensors are connected to the AVL data acquisition system for 
automated measurements using the AVLIndicom software. In-cylinder pressure measurement 
is carried out for 300 consecutive cycles and the average values are presented. In addition, the 
measurement campaign is carried out on different days to ensurerepeatability. 
Figure 2: Inlet valve lift profile showing the start of injection (SOI) timing 
Results and Discussion 
The experimental results are presented and compared for different air-fuel ratios (λ). At 
firstthe net indicated engine efficiency is presented in Figure 3. It can be seen that as the 
mixture is leaned to a certain point the efficiency increases for both early and late injection 
timing cases. This agrees well with the literature, for example in [4] where similar 
observations were made with CNG port injection.The load across all air-fuel ratios is 
presented in Figure 4.b. As can be seen the gross IMEP is always higher for late injection. 
This is due to fast burn, however, to maintain the same net IMEP more throttling is required 
which increases the pumping losses. This can be seen from Figure 5.b where the pumping 
loss is seen to be inversely proportional to the intake manifold pressure. The spark timing can 
be retarded closer to TDCas a result of fast burn as shown in Figure 6.b. The ignition delay is 
found to considerably improve with late injection for all air-fuel ratios as shown in Figure 
7.a. It is found that the spark timing and ignition delay follow similar trend across all air-fuel
mixtures. Generally, the 0-10% burn also known as the flame development duration
0
1
2
3
4
5
6
7
8
9
-370 -320 -270 -220 -170 -120 -70 -20
V
al
ve
 L
ift
 (m
m
)
Crank Angle Degree (aTDC)
Early Injection Late Injection
47
correlates with the laminar flame speed which explains the increasing trend for leaner 
mixtures. The favorable fast burn results in superior combustion stability as shown in Figure 
4.a. It can be seen that the CoV for all lean mixtures is lower for late injection case with a
best of about 0.5% up to λ=1.4.
Fast burn concepts are well known to improve engine efficiency as it closely represents the 
ideal Otto cycle [5]. In [6], the authors have developed one such concept of a fast burn 
combustion chamber by optimizing the piston shape with respect to the in-cylinder bulk flow 
to increase the turbulence intensity near TDC. Here in this work, turbulence is increased by 
injection late in the compression stroke. The exhaust temperatures are also reduced due to 
higher effective expansion. The reduced combustion durations can be seen from Figure 7 b. 
As a result an extension in lean limit from λ=1.5 to λ=1.8 is achieved. This is a first study to 
the best of authors’ knowledge where the lean limit extension achieved with excellent 
combustion stability is purely by injection induced turbulence.  
The injection timing for λ=1.6 to λ=1.8 cases had to be retarded from 120° bTDC to 90° 
bTDC in order to maintain theCoV below 3%. It is worth mentioning that the extension of 
lean limit was only possible at SOI timing of 90 bTDC. This retarded injection reduces the 
time available for mixing which enables to retain sufficientlevels of turbulence before the 
spark event.In addition, the combustion phasing (CA50) was advanced to TDC by advanced 
spark timing. As a result the time available for mixing between the end of injection and the 
spark event was reduced by almost half compared to rest of the cases i.e. λ=1 to λ=5. 
Therefore excessive leaning is avoided which otherwise result in partial burn due to flame 
quenching or even misfires.In the case of early injection which is similar to port injectionin 
terms of injection timing, the lean limit is λ=1.5. Any further dilution results in misfires.The 
combustion phasing is shown in Figure 7.b. 
Figure 3: Engine efficiency comparison of CNG-DI for early and late injection for lean mixtures at 3.3 bar 
IMEPn and 1500 RPM 
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 a) b) 
Figure 4: a) Combustion stability (CoV) and b) IMEPcomparison of CNG-DI for early and lateinjection for lean 
mixtures at WWMP conditions. 
 a) b) 
Figure 5: a) Polytropic indices and b)Pumping loss and inlet manifold pressure comparison of CNG-DI for early 
and lateinjection for lean mixtures at WWMP conditions. 
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 a) b) 
Figure 6: a) Exhaust gas temperatures and b) Spark advance comparison of CNG-DI for early and lateinjection 
for lean mixtures at WWMP conditions. 
The increase in engine efficiency is attributed to reduced pumping loss and reduced heat loss 
as a result of lower average in-cylinder temperatures. Lean mixtures also increase the overall 
specific heat ratio as a result of higher air mass and lower cylinder temperatures which can be 
seen from Figure 5.a. The overall specific heat ratio is lower for late injection due to lower 
intake pressure or higher pumping losses. The net and gross efficiencies peak at λ=1.5 for 
early injection and any further dilution causes excessive leaning resulting in increasing 
variation in combustion stability (CoV>  3 %). In the case of late injection the efficiencies 
also peak at λ=1.5. An interesting trend is observed beyond λ=1.5. The net efficiency does 
not increase anymore but remains the same while the gross efficiency drops steadily. This can 
be explained from the combustion phasing. The CA50 is maintained at ~8°aTDC for both 
injection cases up to λ=1.5 beyond which the CA50 needs to be advanced close to TDC for 
low CoV and to ensure no misfires occur. The combustion rate is also reduced as the mixture 
is leaned beyond λ=1.4 for late injection. The increasing combustion duration and advanced 
phasing of CA50 explains the reducing gross efficiencies. Despite these two factors, thenet 
efficiencies are similar because of reducing pumping losses. 
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Figure 7: a) Ignition delay (Spk-10% burn) and b) Combustion phasing and duration comparison between early 
and late injection at WWMP conditions. 
Increased turbulence due to faster burn can also lead to increased heat lossesdue to higher in-
cylinder velocities [5]. The gross efficiency is therefore a balance between faster combustion 
and the higher heat losses in the case of late injection. The net efficiency ultimately is found 
to be slightly lower than early injection. This trend is consistent across all air-fuel ratios as 
evidenced in Figure 3. This strongly suggests that the effect of reducing pumping loss is 
dominant than faster burn, however marginally. The overall drop in absolute net efficiency is 
about 0.5%. An energy balance was carried out for all test points to confirm that the overall 
heat loss is indeed higher for late injection. The control volume approach using the first law 
of thermodynamics was implemented. The enthalpy inputs are from fuel and air. The exhaust 
and un-burnt fuel energy constitute the enthalpyleaving from the engine. Exhaust gas 
composition and temperature is used to calculate the enthalpy of the exhaust gases and the 
un-burnt energy. Heat losses are calculated from the enthalpy difference and the engine work. 
The exhaust emissions are presented in Figure 8. The reduction in NOxwith excess air is 
clearly seen. At λ=1, for late injection the spark event is retarded by 9° which increases the 
charge temperature at the time of spark resulting in higher NOx. For the rest of air-fuel ratios 
NOxis found to be lower than early injection case which suggests reduced in-cylinder 
temperaturesmost likely due to higher heat losses. As expected the CO emissions vary little 
for lean mixtures.At λ=1 late injectionis found to reduce CO emission by thrice, mainly due 
to more complete combustion as a result of fast burn. Similarly, for the same reason the 
unburned hydrocarbons are also slightly lower than the early injection case.Methane 
constitutes more than 90% of the total hydrocarbon emissions. As expected the unburned 
hydrocarbon emission increase with lean mixtures. The change in the emissions trend beyond 
λ=1.6 can be attributed to advanced phasing of CA50 closer to the TDC which results in 
higher cylinder temperatures and hence higher NOx. 
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 a) b) 
Figure 8: Comparison of indicated specific emissionsof a) NOx and CO and b) THC between early and late 
injection at WWMP conditions. 
Figure 8: Energy balance for early vs. late injection at different air-fuel ratios at WWMP conditions. 
The energy balance presented in Figure 8 above sums up all the trends observed that are 
explained in the previous section. The following observations can be made. Firstly, 
combustion efficiency peaks at λ=1.1 which can be observed from Figure 7. for both injection 
timings and there after deteriorates. With late injection combustion is more complete due to 
fast burn.Similar result was also obtained by [6]. The exhaust enthalpy is lower for late 
injection mainlydue to lower exhaust temperatures as a result of fast burn. It is found to 
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increase with excess air for both injection timing cases which suggests that higher exhaust 
flow has larger effect than the effect of reducing exhaust temperatures. The overall heat 
losses reduce with increasing levels of excess air for both injection timing cases thereby 
increasing the net engine efficiency. Heat losses are slightlyhigher for late injection casesas 
suspected due to higher turbulence intensities.  
Conclusions and Outlook 
A detailed experimental study on the combustion characteristics of early (valve opening 
period) and late (after valve closure)CNG-DI injection at low load of 3.3 barIMEPn at 1500 
RPMis presented. In general, late injection results in fast burn due to higher turbulence at the 
time of ignition induced by the gaseous injection. This results in excellent combustion 
stability. The downside is increased pumping and heat losses. The netindicatedthermal 
efficiency is only marginally lower than early injection by a maximum of about 0.5% 
absolute. Both gross and net indicatedthermal efficiencies are found to peak at λ=1.5 for both 
injection timing cases. The lean limit is extended due to late injection from λ=1.5 to λ=1.8by 
carefully optimizing the injection and ignition timing while maintaining the CoV of IMEPn 
below 3%. This study confirms that at low loads for CNGdirect injection, both early injection 
and late injection timing strategies can be considered on par in terms of combustion and 
emissions, thereby offering additional flexibility in the overall optimization of engine 
performance. Future studies will focus on further improvementsin engine efficiency through 
late injection stratified combustion.  
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3.5 Stratified Combustion Study 
 
Late injection stratified combustion is investigated for further improvements in engine 
efficiency. The Bosch GDI injector used in the previous studies for lean homogeneous 
combustion has a very low flow rate of about 2.5 g/s at 100 bar with CNG. This injector 
is not capable to produce a stratified mixture. Therefore, a high flow rate injector is 
used for preliminary stratified combustion testing at 100 bar injection pressure.  
 
Table 2. Preliminary results of CNG-DI stratified combustion. Comparison of 
operating parameters and engine efficiency for λ=1 vs. λ=2 at 1000 RPM. 
 
Lambda 
(λ) 
IMEP 
net 
ηind 
net 
SOI 
bTDC 
MAP 
bar 
Spk 
bTDC 
Exhaust 
Temp 
Ignition 
Delay 
CA50 
aTDC 
Burn 
Duration 
CoV 
(IMEP) 
1.00 3.07 25.2 
% 
120° 0.5 15° 438°C 15.6° 8.0° 17.9° 1.2 % 
2.04 3.16 30.3 
% 
60° 0.9 26° 275°C 13.8° 0.2° 31.8° 4.2 % 
 
The operating parameters for stratified testing are listed above in Table 2. In Figure 
10 the benefit of stratified combustion can be seen with direct comparison against 
late injection combustion at same speed and similar load condition.  
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Figure 10. Comparison of late injection homogeneous (partial) and stratified 
combustion. a) Log P-V diagram b) In-cylinder pressure traces. 
 
As evidenced in Figure 10.a. there is a significant reduction in pumping loss. The peak 
pressure is higher for stratified combustion case as a result of operating at wider 
throttle opening which increases the mass of fresh air into the engine. The higher 
mass has also reduced the exhaust temperature by almost 1.5 times. The optimum 
ignition and injection timing were mainly dictated by the CoV. It is found that the 
combustion stability and hence the IMEPn is highly sensitive to both the injection and 
ignition timing. As can be seen in the above table the optimum CA50 is found to be 
much closer to the TDC than for the homogeneous case. The burn duration is more 
than 1.7 times longer for stratified case which also gives rise to higher cyclic variations. 
Overall a 5% absolute improvement in net efficiency is observed.  
 
A further investigation is necessary to optimise the injection system (mass flow rate, 
jet penetration, etc.), the ignition system (high energy, corona, etc.) and the 
combustion chamber layout (piston bowl, etc.) in order to be able to operate beyond 
lambda 2 with acceptable combustion stability. 
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FUEL INJECTION STUDIES 
4.1 The Injector 
A commercially available piezoelectric GDI injector with an outward opening nozzle is 
chosen for injection studies. This type of injector is specially developed for stratified 
mixture preparation. The cross-sectional image of the injector nozzle is shown in 
Figure 11. 
Figure 11. Schematic of the injector nozzle showing the flow path and the choked 
diameter (d) derived from the X-Ray photograph (top image). 
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The injector consists of: i) a piezo actuator that generates the movement (lift) ii) the 
needle which is directly attached to the piezo element and iii) a thermal compensator 
that ensures consistent lift due to differences in thermal expansion of the piezo stack 
and the main injector housing. The actuation mechanism is based on the principle of 
piezo-electric effect. A charge/voltage applied to a piezo-electric crystal causes it to 
expand or contract along its axis proportionately depending on the applied polarity. 
More information on the design and operation of the injector can be found in [11]. 
The direct injector driver system from National Instruments (NI) shown in Figure 12 
below is used to actuate and control the injector. The NI 9751 DI driver module 
provides the power electronics necessary to drive high power piezoelectric direct 
injectors. The NI software calibration manager (SCM) software is used to interface and 
calibrate the injector current profile which determines the opening and closing 
durations of the injector. 
Figure 12. The direct injector driver system (DIDS) from National Instruments (NI). 
Image source: [10]. 
A sample voltage and current waveform is shown in Figure 13. As can be seen, after 
the end of injection period, the current polarity is reversed in order to bring the 
elongated piezo stack back to its original length. The rate of current for the opening 
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and closing periods, as well as the maximum voltage which determines the lift, is kept 
constant for all test conditions. 
 
 
 
Figure 13. Injector voltage and current waveforms. 
 
The injector energizing delay is found to be approximately about 2.5 µs which is 
measured using a digital oscilloscope. This is defined as the time between injector 
trigger signal and the start of applied voltage.  
 
The injector needle creates an annular flow area representing a conical frustum. The 
choked or minimum flow area can be simplified as shown in Equation 5. 
 
Equation 5. Minimum flow area of the injector nozzle. 
  
𝐀𝐀𝐧𝐧 = 𝛑𝛑𝛑𝛑𝐬𝐬𝐬𝐬𝐧𝐧𝛉𝛉 �𝐝𝐝 − 𝛑𝛑 𝐬𝐬𝐬𝐬𝐧𝐧𝐬𝐬𝛉𝛉𝐬𝐬 � 
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Where d is the choked nozzle diameter, L is the needle lift and θ is the half-included 
angle of the nozzle seat measured from the vertical. This angle is approximately 45° 
for the test injector used as shown earlier in Figure 11. 
 
A 1D laser displacement meter from Keyence is used to measure the injector lift. The 
lift profile of the injector is essential for CFD simulation of the flow and also serves as 
will be shown in later sections to understand the transient behaviour of the near-field 
shock structure of the jet. The test bench setup is shown in Figure 14. The laser light 
from the sensor is pointed at the injector tip as can be seen in the figure. The working 
mechanism of the sensor is based on triangulation of the reflected laser light from 
the injector tip as it moves. The lift profile of the injector is shown in Figure 15.  
 
 
 
Figure 14. Test setup for measurement of injector needle lift. 
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Figure 15. Average needle lift profile of the injector at dry condition (i.e. no fuel 
pressure). Injection command is 5 ms. 
 
For all test conditions, the needle lift is set to the maximum limited by the voltage of 
the injector driver. The opening period of the needle to full lift is found to be about 
200 μs aSOI signal. The injector is actuated at 1 Hz and the lift waveform is monitored 
using an oscilloscope. The lift profile is found to be very stable with negligible 
variation. As can be observed from the above figure, a 13% overshoot of the lift with 
respect to the steady state is found. In addition, needle bounce can also be seen 
immediately after reaching the peak lift. 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
N
o
rm
al
is
ed
 L
if
t
Time (ms)
Injector Needle Lift
61
 
 
Figure 16. Injector opening delay for different PRs measured using high-speed 
schlieren imaged at 0.5 million FPS. 
 
The start of injection delay is also accurately measured by imaging the near-field of 
the injector nozzle at extremely high-speed of 0.5 million FPS. The average results of 
5 consecutive injections are shown in Figure 16. This delay or response time is defined 
as the time interval between injector trigger signal and the onset of fuel delivery that 
could be visualised from the schlieren imaging setup. As can be seen the response 
time does vary but is very less at higher PRs. The accuracy is limited to the time 
interval between the frames i.e. 2 μs which is presented as error bars. Also, to the 
sensitivity of density gradients, especially at PR 20 and 40, due to difficulty in 
visualizing the gas exiting the nozzle as a result of lower mass flow rates. 
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4.2 The Constant Volume Chamber (CVC) 
Constant volume chambers (CVCs) are widely used in the field of engine and 
combustion research for characterisation studies of spray, ignition and combustion of 
liquid and gaseous fuels. CVCs that are used for ignition and combustion studies are 
typically called as combustion bombs and those for non-combusting flow studies are 
simply called spray chambers. A spray chamber is used in this study. The CVC is an 
essential unit for studying and evaluating novel injection and ignition mechanisms.   
Figure 17. Cross sectional and isometric view of the Constant Volume Chamber (CVC) 
used for fuel injection characterisation studies. Image source: [12]. 
The CVC used in this study as shown in Figure 17 consists of four main viewing 
windows. These windows are made of fused silica of 150 mm in diameter and 40 mm 
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in thickness. The internal volume of the CVC is roughly 7 liters. The injector is mounted 
on an adapter which is housed on top of the CVC as shown in Figure 18.  
 
 
 
Figure 18. Cross sectional CAD model of the injector mounting arrangement in the 
CVC. 
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4.3 Mass Flow Rate 
 
One of the most important parameters of a fuel injector is its mass flow rate. Accurate 
knowledge of the mass injected during every injection event is necessary for proper 
calibration of DI engines. This is particularly critical for advanced combustion strategies 
such as stratified combustion as timing of the injection event is a crucial parameter to 
ensure efficient combustion. For example, in diesel engines the rate of fuel injection 
(g/s) governs combustion. The rate of fuel injection can be controlled to optimise fuel 
efficiency, emissions and noise for varying operating conditions. This is known as Rate 
Shaping. 
  
Most fuel injectors produce a constant mass flow rate once the injector needle is fully 
opened for a given injection and ambient condition. To determine the average mass 
flow rate is a relatively simple method. Measuring the instantaneous flow rate i.e. g/s 
vs. time also known as the rate of injection, especially during opening and closing 
periods of the injector requires sophisticated instrumentation. For conventional liquid 
fuels, there are established methods used in the industry to determine instantaneous 
mass flow rates and they employ mainly the Bosch or the Zeuch method [13]. Both 
these methods rely on the pressure increase as a result of injection. In the Bosch 
measurement method, fuel is injected in a long measurement tube pre-filled with fuel 
and the pressure is used directly to calculate the mass injected vs. time based on 1D 
wave theory. In the Zeuch method, the injections take place in a pre-filled constant 
volume measurement chamber and the derivative of pressure is used to calculate the 
rate of injection. 
 
In this study, the mass flow rate is determined based on the pressure rise due to 
injection in a closed chamber (‘mini CVC’) of known fixed volume. Measurements are 
made for different injection pressures and injection duration. Nitrogen is used as the 
test gas. The pressure in the chamber is maintained at atmospheric pressure before 
the start of each test. After every injection the injected gas in the chamber is evacuated 
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by a drain valve. The number of repetitions carried out per injection condition is two 
hundred and the average mass flow rate is presented. This technique also allows to 
quantify the shot-to-shot variations in the injected mass. 
 
The design and construction of the mini CVC can be seen in Figure 19. It consists of 
two main parts, namely, the injector adapter on the top and the main measurement 
chamber at the bottom. The main chamber is hemispherical in shape and contains 
channels for installing a pressure sensor and a thermocouple as can be seen in the 
figure. An outlet port is provided connecting to the drain valve which is used to 
evacuate the injected gas after an injection event. The pressure in the main chamber 
is measured using a precise piezo-resistive sensor (AVL LP11DA). In addition, the 
pressure of the gas upstream of the injector is also measured using a highly accurate 
strain gauge based sensor (AVL SL31D-200). Temperature of the gas upstream is 
measured using a thermocouple. The AVL data acquisition system is used to acquire 
and save the pressure data at 100 kHz sampling rate. 
 
 
 
 
Figure 19. 3D CAD model and photograph of the ‘mini CVC’ for injector mass flow 
rate measurements.  
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Figure 20. Sample trace of fuel rail pressure during an injection event. The enlarged 
section shows the pressure drop for the injection duration of 5 ms.  
 
During injection, the pressure upstream of the injector drops due to the sudden 
expansion of the gas in the rail line. As a result of the sudden opening and closing 
event, pressure reflections are created in the rail that is slowly dampened. The 
upstream pressure trace during an injection event is shown in Figure 20. It can be 
seen that once the injector is fully opened, the pressure stays steady for the duration 
of injection which means that the flow momentum remains relatively constant. The 
undershoot in the pressure profile during injection is caused due to the sudden 
opening of the needle and the overshoot of the needle itself. 
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Figure 21. Normalised average pressure profile in the mini CVC for different injection 
pressures at 294 K. Injection duration is 5 ms.  
 
As the injector starts to inject the gas, the pressure inside the chamber increases 
proportionately to the mass being injected in accordance with the ideal gas law as 
show in Equation 6.  
 
Equation 6. The ideal gas law representation. 
 (𝐏𝐏𝐬𝐬 − 𝐏𝐏𝟏𝟏) ∗ 𝐕𝐕 = 𝐦𝐦𝐌𝐌 ∗ 𝐑𝐑 ∗ 𝐓𝐓 
 
Where P1 and P2 is the pressure inside the chamber before and after an injection 
event, V is the chamber volume, m is the mass of the injected gas in the chamber, M 
is the molecular weight of the injected gas, R is the universal gas constant and T is 
the temperature of the gas in the chamber. The compressibility factor (z) which is used 
as a correction factor to represent real gas behaviour in the ideal gas equation as 
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5 6 7
N
o
rm
al
is
ed
 P
re
ss
u
re
Time (ms)
20 40 60 80 100
68
P*V=z*m/M*R*T is close to 1 for the range of pressures and temperatures measured 
in the mini CVC and therefore is neglected.  
 
Although the injection durations typically last a few milliseconds, great care is taken 
to ensure the measuring chamber is leak-proof. The measurements are taken after the 
pressure signal settles to room temperature. As can be seen the mass injected will be 
directly proportional to the ratio of pressure and temperature while the rest of the 
parameters are constants. The volume of the chamber is designed such that small 
changes in pressure can be detected by the sensor and the maximum pressure lies 
within the sensor’s range. The pressure rise trace for a single injection can be seen in 
Figure 21.  
 
Based on the above stated principle, the mass injected is calculated. These results are 
shown in the Figure 22. It can be seen that the mass injected increases linearly with 
the injection pressure as expected. The mass flow rate can be simply calculated as the 
ratio of mass injected to the injection duration. This method proposed can also be 
used for continuous injections at injection frequencies like those in an engine. 
 
To derive the instantaneous mass flow rate also called as the rate of injection, the 
instantaneous temperature must be known in addition to the instantaneous pressure. 
This is difficult to measure as the current temperature sensing technology is limited 
to steady state or at best low sampling speeds. One technique to overcome this 
limitation is to use a calibrated or known polytropic index (n) to model the 
temperature rise based on the measured pressure according to the polytropic relation 
shown in Equation 7. 
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Figure 22. Normalised average mass flow rate of the injector for different injection 
pressures at 294 K. Injection duration is 5 ms. The CoV for above data is <1%. 
 
Equation 7. P-T relation for a polytropic process. 
 
𝐏𝐏𝐬𝐬+𝟏𝟏
𝐏𝐏𝐬𝐬
= �𝐓𝐓𝐬𝐬+𝟏𝟏
𝐓𝐓𝐬𝐬
�
𝐧𝐧
𝐧𝐧−𝟏𝟏
 
 
The instantaneous mass flow rate is then calculated using the ideal gas law. The results 
are presented in Figure 23. It can be seen that the mass flow rate trace produces large 
oscillations with increasing injection pressures. The original pressure signal contains 
noise from several sources such as pressure reflections in the chamber and the 
vibration induced by movement of the injector needle itself. In addition, as the flow 
rate is calculated from the derivative of pressure, the resulting trace will inherently 
contain high frequency noise. The signal therefore must be filtered to an extent such 
that vital information is not lost. The mass flow rate profile from the below figure can 
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be seen to produce an overshoot when the needle is fully opened. This behaviour can 
be correlated with the needle lift profile shown in Figure 15. The rise and fall rates of 
the mass flow rate curves also match very well with the opening and closing delays 
of the needle lift. 
 
 
 
Figure 23. Normalised average instantaneous mass flow rate for different injection 
pressures at 294 K. Injection duration is 5 ms.  
 
With the knowledge of actual mass flow rate and the ideal flow rate, the discharge 
coefficient can be calculated as defined in Equation 8. 
 
Equation 8. Coefficient of discharge. 
 
Coefficient of Discharge (Cd) = 
Actual Mass Flow Rate
Ideal Mass Flow Rate  
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The theoretical mass flow rate is calculated using Equation 9 shown below which is 
based on the isentropic compressible flow theory assuming the flow chokes at the 
nozzle [8].  
 
Equation 9. Isentropic choked mass flow rate. 
 
?̇?𝐦𝐬𝐬𝐝𝐝𝐢𝐢𝐢𝐢𝐢𝐢 = 𝐀𝐀𝐧𝐧𝐏𝐏𝐨𝐨� 𝛄𝛄𝐌𝐌𝐳𝐳𝐑𝐑𝐓𝐓𝐨𝐨 � 𝐬𝐬𝛄𝛄 + 𝟏𝟏�𝛄𝛄+𝟏𝟏𝛄𝛄−𝟏𝟏 
 
Where mideal is the ideal flow rate, An is the nozzle flow area, Po is the upstream 
stagnation pressure, γ is the specific heat ratio of the gas, M is the molecular weight 
of the gas, R is the universal constant, z is the compressibility factor and To is upstream 
stagnation temperature. 
 
The nozzle flow area can be determined by using the measured needle lift in Equation 
5. The discharge coefficient (Cd) of the injector is calculated and found to be about 
0.9 for the tested injection pressures. 
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4.4 Flow Characteristics of Natural Gas from an Outward Opening 
 Nozzle for Direct Injection Engines 
 
The work related to this section has been peer reviewed and published in Fuel. 
 
The full paper is attached in the following pages and can also be obtained 
via https://www.sciencedirect.com/science/article/pii/S0016236118300097 
 
This work can be cited as: 
 
Sankesh D, Petersen P, Lappas P, “Flow characteristics of Natural Gas from an outward 
opening nozzle for Direct Injection engines”, Fuel, Volume 218, 15 April 2018, Pages 
188-202, ISSN 0016-2361, https://doi.org/10.1016/j.fuel.2018.01.009. 
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A B S T R A C T
In this research article, we present for the ﬁrst time an experimental investigative study on the ﬂow char-
acteristics of compressed natural-gas (CNG) issued from a direct injector with an outward-opening nozzle op-
erating at a wide range of pressures. High speed schlieren imaging is used to capture the growth of the highly
turbulent transient gaseous jet with high spatial and temporal resolution in a quiescent chamber at atmospheric
conditions. The existing penetration scaling correlations for gas jets issued from single round nozzles were found
to apply to outward-opening nozzle as well. The penetration constant is found to be 1.15 ± 0.05 for fuel
pressure ranging from 20 bar to 160 bar. A new method to calculate combined penetration for radially spreading
jets such as the one used in this study is presented which can also be used for jets of irregular shape. The data
from these tests show that the axial penetration from a 90° conical annular nozzle is roughly about 3 times lower
than round nozzles for similar injection and ambient conditions. The lower penetration rate of such annular
nozzles can be beneﬁcial for stratiﬁed mixture formation in spray-guided direct-injection spark-ignition engines.
1. Introduction
Natural-gas is regarded as one of the most promising alternative
fuels. Natural-gas engines have the potential to reduce CO2 emissions
by more than 20% compared to gasoline engines and also other harmful
pollutants [1,2]. Currently all production CNG spark-ignited engines
are port-injected. Port-injection of natural-gas results in reduced peak
torque due to the reduction in volumetric eﬃciency caused by the fuel’s
displacement of air. Direct-Injection can overcome this drawback by
injecting the fuel during and/or after the inlet valves are closed. Au-
tomotive manufacturers and OEMs are currently exploring the direct-
injection concept. Natural-gas intrinsically is a better fuel for spark-
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ignition engines due to its higher octane rating (RON ∼130) which
allows higher compression ratios leading to higher engine eﬃciency
[1,2]. Natural-gas is not toxic and also safer due to its higher auto-
ignition temperature (∼550°–600 °C), wider ﬂammability limits and
lower density than air at standard conditions [1,2]. Recent studies have
demonstrated that an optimized CNG-DI engine can match the torque
levels of a modern GDI engine and also be thermodynamically more
eﬃcient [3–6]. In light of future stringent worldwide emission norms,
CNG-DI is an attractive proposition. Moreover, renewable methane
produced from biomass has the potential to achieve carbon neutrality.
Methane can also be renewably made from hydrogen and CO2 using the
Sabatier reaction. Natural gas-hydrogen blends can also considerably
increase the engine eﬃciency with increasing percentages of hydrogen
[7].
It is important to understand the ﬂow behaviour of natural-gas from
fuel injectors especially for direct-injection application to be able to
achieve good mixture formation, stable combustion and lower emis-
sions. This is particularly essential for stratiﬁed mixture formation as
the design and performance of the direct-injector heavily inﬂuences the
combustion stability which has a direct impact on engine performance.
Gaseous fuel injection from direct-injectors with single round nozzles
has been extensively studied in the past. They are the inward-opening
type of injector that is widely used in gasoline direct injection (GDI).
Another class of injector nozzle is the outward-opening poppet nozzle
which creates an annular conical area of ﬂow. This type of nozzle is
often used in GDI stratiﬁed combustion applications for its speciﬁc
advantages over multi-hole nozzle such as higher mass ﬂow rates
(higher ﬂow area), lower spray penetration, multiple injection cap-
ability (piezo actuation), etc [8]. Gaseous jets issued from such conical
nozzles have not been well investigated. The use of such nozzle for CNG
direct-injection would be beneﬁcial due to its outward-opening nature
as lower fuel pressure can be used [4]. Multi-hole injector nozzles can
have a large number of design variables such as the number of holes,
diameter, length-to-diameter ratio, included angle, etc. Similarly, out-
ward-opening nozzles also have a number of design variables such as
the diameter, needle lift, cone angle, seat design etc.
High pressure gaseous injection into the combustion chamber pro-
duces complex shock structures immediately downstream of the nozzle
which aﬀects the mixing process. This kind of ﬂow is choked at the
nozzle and is highly turbulent. One of the important parameters re-
levant to growth of the gaseous jet is its penetration in both axial and
radial directions. These are not well understood for outward-opening
nozzles. This study is aimed at addressing this gap and improving the
knowledge on transient gaseous fuel injection for engine applications.
1.1. Gas jets issued from inward-opening round nozzle
Many researchers have studied the gaseous jet ﬂow from single
round nozzles at a wide range of pressure ratios relevant to direct-in-
jection engines [9–14]. Ouellette and Hill [9,15] have provided a brief
historical review of transient gas jet theory. Schlieren images reveal
that the gaseous jet is headed by spherical vortex as depicted in Fig. 1.
They developed the relation shown in Eq. (1). to estimate the axial
penetration of transient gas jet based on experimental data and mo-
mentum conservation principle.
⎜ ⎟= ⎛
⎝
⎞
⎠
z Γ Ṁ
ρ
tn
a
1/4
(1)
Nomenclature
aSOI after start of injection
CNG compressed natural gas
DI direct injection
FPS frame per second
GDI gasoline direct injection
PLIF planar laser induced ﬂuorescence
PR pressure ratio (upstream fuel pressure/ambient pressure)
P combined penetration
RON Research Octane Number
SI spark ignition
x radial penetration
y axial penetration
Subscripts
a ambient
ch chamber
e exit (nozzle)
exp experimental
n nozzle
o supply/stagnation
1,2 left, right
Symbols
Г penetration constant
θ jet spread angle
γ ratio of speciﬁc heats
ρ density
Fig. 1. Structure of a turbulent transient gas jet
[16].
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=Ṁ c ρ A Un d n n n2 (2)
where z (m) is the axial penetration length as a function of mass in-
jected, Г is the penetration constant, Ṁn (kg-m/s2) is the momentum
injection rate which can be found using Eq. (2). Un (m/s) is the choked
nozzle velocity, An (m2) is the area of nozzle, cd is the discharge coef-
ﬁcient, ρa (kg/m3) is the density of the ambient gas and t (s) denotes
time after start of injection (aSOI). This equation is valid once the gas
jet achieves self-similarity i.e. the ratio of radial to axial penetration
reaches a constant value which occurs after a short development period
aSOI.
Eq. (1). can also be expressed as
⎜ ⎟= ⎛
⎝
⎞
⎠
z Γ ṁ U
ρ
tf n
a
1/4
(3)
where ṁf (mg/ms) is mass ﬂow rate through the injector. It can be seen
that axial penetration increases with mass ﬂow rate of the injector and
injection time while decreases with ambient density. The penetration
constant was experimentally determined to be 3.0 ± 0.1 by Ouellette
and Hill [15] and other researcher’s value are in close agreement. Re-
cently Rogers [17] et al. veriﬁed the penetration correlation for CNG
jets up to a pressure ratio of 400. It has also been veriﬁed for injection
cases at same density ratios but at diﬀerent fuel and ambient densities.
Table 1 lists such recent studies of transient gaseous jets.
The scaling of axial penetration with the ratio of momentum in-
jection rate to ambient density in the literature (Table. 1) is consistent
with Eq. (1). Besides the uncertainties in measurement, the variation in
penetration constant in Table 1 can be attributed to diﬀering values
chosen for the following in Eq. (1). 1) Velocity (Un) – nozzle velocity
based on 1D isentropic choked ﬂow conditions considering ideal/real
gas behaviour or jet velocity calculated from schlieren images (i.e., zi/
ti). 2) Discharge coeﬃcient (cd) – experimentally determined to calcu-
late actual momentum injection rate which would account for frictional
losses inside the injector or considered ideal. 3) Flow area (An) – in-
jector hole region may not necessarily represent the area of minimum
cross section.
1.2. Gas jets issued from outward-opening conical nozzle
There are only few articles that have documented studies on the
ﬂow from outward-opening nozzles which produce hollow cone gas jets
[18–23]. Most of these studies lack extensive investigation of penetra-
tion and its correlation. Ouellette and Hill [18] were arguably the ﬁrst
to study such a type of ﬂow for engine application however the number
of operating points were low and not suﬃcient to fully characterize the
penetration data. Kuensch et al. [19] have studied the jet ﬂow from a
similar injector using planar laser induced ﬂuorescence (PLIF). The PLIF
technique is valuable for this type of ﬂow as it can reveal the hollow
cone structure and its size with respect to time. Seboldt et al. [20] have
shown the eﬀect of injector tip protrusion inside the chamber on the
overall jet structure using schlieren imaging method. It can be clearly
seen that just by moving the injector position 1mm inwards from the
baseline the coanda eﬀect remarkably alters the jet shape. The
deviation of a freestream jet due to coanda phenomenon depends on a
number of factors such as the protrusion length, nozzle design, pressure
ratio and the chamber shape.
The simulation of under-expanded gas jets with suﬃcient accuracy is
computationally intensive as high resolution grids and low time steps are
required. This is especially critical due to the complex time varying needle
movement. Baratta et al. [21] have provided a detailed study on the CFD
modelling considerations for gaseous injection. A minimum of 10 com-
putational cells is recommended across the needle lift to accurately re-
produce the jet structure. The region downstream of the nozzle also needs
to be suﬃciently denser and a gradual transition in mesh size from ﬁne to
coarse is suggested. Bartolucci et al. in [22] have validated 3-D CFD si-
mulation results of gaseous injection from an outward-opening injector
against X-ray based experimental measurements. Adaptive mesh reﬁne-
ment (AMR) technique was implemented to dynamically increase the grid
resolution in regions where high velocity gradients are calculated. This
resulted in excellent agreement of numerical results with the experiments
in terms of penetration and evolution of the jet structure. In a similar
work, Swantek et al. [23] provide insights on the structure of the gas jet
using X-ray radiography technique where regions of recirculation down-
stream of the injector are shown. These data clearly show that the ﬂow
behaviour of gas jets issued from annular conical nozzles is diﬀerent from
gas jets issued from round nozzles. This diﬀerence represents the key
motivation behind the present study.
2. Experimental method
Schlieren imaging is an optical ﬂow visualization technique used to
photographically capture ﬂows that are normally invisible to the naked
eye. This imaging technique has been traditionally used to study com-
pressible ﬂow phenomena and is well documented [24]. Schlieren is an
optical inhomogeneity caused due to gradients in refractive index of the
media. Gases have a linear relationship between refractive index and
density. Any spatial change in density due to changes in pressure or
temperature aﬀects the refractivity of the gas which appears as a local
change in light exposure to the camera. This allows one to see and
quantify the ﬂow structure. A popular schlieren optical setup is the Z-
type two mirror system which is implemented for this study and de-
picted in Fig. 2. The optical path is rotated by 90° from its normal
parallel position between the ﬁeld mirrors due to space constraints
which gives a folded appearance. In this setup, the identical parabolic
mirrors are positioned in opposite directions and tilted at approxi-
mately equal angles to ensure the setup is free of coma which is an
optical aberration caused due to misalignment of ﬁeld mirrors from
their optical axis resulting in smears.
A production outward-opening GDI injector is used in this study. A
schematic of cross section of the injector nozzle is shown in Fig. 3. As
can be seen, the ﬂow area at the nozzle is comparatively smaller than
that of the upstream. The included angle of the nozzle seat is∼90°. The
direct injector driver system from National Instruments was used to
actuate the injector. A BNC 575 series pulse generator is used to si-
multaneously trigger the injector and the high speed camera such that
imaging starts when the injector is actuated. All injections take place
Table 1
Summary of recent tests on choked gaseous injection using round type nozzle.
Nozzle dimensions: diameter, length/diameter ratio, no.
of holes
Injector type Test ﬂuid Penetration constant (Г) Pressure Ratio – PR
(range)
Po (bar) Pa (bar)
Ouellette [9] 0.5/5.6/6 Prototype CH4 3.0 ± 0.1 1.5–5.4 23–81 15
Petersen [10] 0.8/–/3
0.5/–/7
Prototype H2, He, N2 2.40 ± 0.7
2.93 ± 0.4
2.5–104 18–104 1–7.2
Iman et al. [11] 0.5 to 2.0/-/1 Prototype He 2.79 ± 0.9 1.5–4 1.3–3.5 0.87
Gerold et al. [12] 1.0/1.8/1 Prototype He 2.95 2.5–24 2.5–24 1
Johansen et al. [13] 1.0/6/1 GDI (modiﬁed) He 2.58–2.82 1.7–36 6–36 1–7
Rogers et al. [17] 1.0/2/1 GDI (modiﬁed) CNG 3.19 60–400 60–100 0.25–1
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inside the constant volume chamber (CVC) shown in Fig. 2. The CVC
consists of optical windows made of fused silica which are 150mm in
diameter and 40mm thick. Its internal volume is 7 L. The resultant
viewing diameter after installation to the main body is 124mm. The
injector is mounted vertically on top of the CVC as can be seen in Fig. 2.
Fig. 2. The constant volume chamber (CVC) and schematic of the folded Z-type schlieren setup [16].
Fig. 3. Schematic of the injector nozzle showing the ﬂow path and the choked diameter
(d).
Table 2
Composition and fuel properties of natural-gas (CNG) used in this
study.
Constituent % Vol.
Methane 88.92
Ethane 5.25
Propane 0.76
n-Butane 0.10
Iso-Butane 0.08
n-Pentane 0.03
Iso-Pentane 0.02
Hexane 0.03
Nitrogen 0.71
Carbon dioxide 4.09
Property Value
MON 131
Stoichiometric AFR 15.52
Energy content (LHV) 44.26MJ/kg
Molecular weight 18.35 g/mol
Speciﬁc heat ratio 1.31
Table 3
Fuel pressure conditions and duration of injection considered for measurement.
Fuel Pressure – Po (bar) Measurement duration – t (ms)
20 5.0
40 5.0
60 3.0
80 2.0
100 2.0
120 1.5
140 1.5
160 1.5
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The protrusion of this type of injector inside a CVC or in a combustion
chamber is a very important factor that aﬀects the jet shape and im-
portantly the combustion metrics [25]. Flush mounting with respect to the
nozzle opening location can lead to coanda eﬀect. The gas jet gets attached
to the adjacent surface distorting the free jet shape. In this study the in-
jector tip is projected 5mm into the CVC measured from surface of the
injector adapter to ensure no coanda eﬀect. The composition and relevant
properties of CNG fuel used in this study is tabulated in Table 2. The fuel
composition data is obtained from the local natural gas monitoring site
managed by the Australian Energy Market Operator (AEMO). The Motor
Octane Number (MON) is calculated using a correlation for gas composi-
tion outlined in [26]. All other properties are calculated from the molar
and mass fractions of the fuel constituents. The reference conditions for the
speciﬁc heat ratio are 298 K and atmospheric pressure.
The duration of injection is 5ms and the number of repetitions for each
pressure case is 10. The repetition process is automated with suﬃcient
time between each injection to allow the injected gas to be ﬂushed out of
the chamber. This ensures a stagnant ﬂow ﬁeld with no disturbances
produced prior to the next shot. At high ﬂow rates or injection pressure,
measurements on jet growth could be made only for about 1.5ms. This is
due to the limited viewing area of 124mm in diameter which however is
well above the bore size of typical combustion chambers for passenger
vehicles. The injection duration for diﬀerent fuel pressure condition at
which penetration could be captured is shown in Table 3. Fuel is issued to
the injector at the desired pressure from commercial CNG cylinders
through single stage pressure reduction. A highly sensitive pressure sensor
is installed upstream of the injector to accurately monitor and record the
fuel pressure during the injection event. Fuel temperature is also measured
at the same location using a thermocouple. The high speed camera used is
a Phantom v1610 model from Vision Research.
Imaging of all experiments is done at 42,000 FPS (frames per second)
which results in a resolution of 640 x 512 pixels. The frame exposure was
set to about 10–20 µs. This combination in conjunction with the lens
system used resulted in capturing the entire ﬁeld of view with high spatial
(0.22mm/pixel) and temporal resolution (23.8 µs frame interval). The
exposure time is set to allow suﬃcient light for a good quality image and
most importantly to prevent the appearance of extraneous shock waves in
the image. These shock waves if present in the acquired image will hinder
the detection of the gas jet from the background. The time delay between
the injection trigger command and the start of opening of the injector
nozzle was also accurately measured by imaging the near-ﬁeld of the
nozzle at ultra-high speed of 500,000 FPS. The resulting resolution was
128×64 pixels set at an exposure of about 1.5 µs. The SOI delay or re-
sponse time is deﬁned as the time interval between the camera/injector
trigger command and the onset of gas jet that can be visually seen. The
schlieren setup was found to be sensitive enough to capture the onset of
density gradients. This delay varied between 32 and 38 µs with a slightly
higher delay at lower PRs.
One of the important parameter of an injector is its mass ﬂow rate.
In this study we have considered the experimentally determined mass
ﬂow rate for scaling of penetration according to Eq. (3). as this re-
presents the actual condition of ﬂow. An accurate way of measuring the
average mass ﬂow rate for gaseous fuels is to inject the fuel in a sealed
chamber of known volume. The resulting pressure rise due to a series of
injection can then be used to calculate the mass injected in accordance
with the ideal gas law as shown in Eq. (4), where ΔPch is the pressure
rise in the chamber, Vch and Tch is the volume and temperature of the
chamber, R (J/mol-K) is the universal gas constant, M (g/mol) is the
molecular weight of the injected gas, ninj, tinj are the number and
duration of each injection respectively. The ﬂow from the injector is
choked for all pressures tested as the pressure ratio (Pa/Po) is well
below the critical pressure ratio as deﬁned in Eq. (5), where Po is the
upstream stagnation pressure and Pa is the chamber pressure. The ideal
isentropic choked mass ﬂow rate can be calculated from Eq. (6). [27].
This equation can then be used to determine the discharge coeﬃcient
(cd) of the nozzle deﬁned as the ratio between actual and ideal ﬂow
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Fig. 4. Average mass ﬂow rate of the injector using CNG as a function of fuel pressure at
temperature of 294 K.
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Fig. 5. Image processing techniques – Step 1. Background subtraction: a) Original jet image b) Original background image c) Processed image. Step 2. Segmentation operations: d) Edge
detection e) Dilation f) Filling g) Bordering h) Outlined original.
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where γ is the speciﬁc heat ratio of fuel, z is the compressibility factor,
To (K) is upstream stagnation temperature. Based on this principle of
pressure rise using Eq. (4). the mass ﬂow rate of the injector is de-
termined experimentally as shown in Fig. 4. It can be seen that the mass
ﬂow rate is a linear function of injection pressure in accordance with
the ideal mass ﬂow rate shown in Eq. (6).
2.1. Image processing and data collection
The injection duration for typical DI applications lasts a few milli-
seconds. Imaging at high temporal resolution allows capturing the
transient jet growth with high accuracy. Matlab is used for processing
the raw images captured from the high speed camera. Image segmen-
tation techniques are implemented to identify the jet boundary as
shown in Fig. 5. The processing of raw images which are saved in tiﬀ
format involves two steps. At ﬁrst, in order to isolate the region of in-
terest i.e. the jet structure a reference image is needed. The image just
before the ﬁrst frame when the injector is still closed serves the pur-
pose. This image of the background containing no jet is subtracted from
rest of the images present in the sequence and the resultant images
serve as the input for the next steps in image segmentation.
Matlab’s inbuilt functions for image morphological operations are
used to identify the jet outline for extensive processing to calculate
quantities of interest such as penetration, area, etc. The edge detection
Fig. 6. A sequence of highly under-expanded natural-gas jet injected from an outward-opening 90° conical annular nozzle shot at 42,000 FPS. The sequence starts at t= 0.03ms and ends
at t= 1.00ms after start of injection (aSOI) command. The pressure ratio is 40. Every 3rd image is presented.
(i) (ii)
Fig. 7. i) Schematic of the hollow conical jet during very early stage of injection. ii) Schlieren image of nozzle near-ﬁeld showing the transient toroidal vortex shot at 140,000 FPS. Time
period is 0.154ms aSOI command. Pressure ratio is 20.
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algorithm is implemented to identify the jet boundary. The resultant
binary image is further processed using dilation and ﬁlling operations
in order to extract the jet boundary which is then used to calculate the
axial and radial penetration. The threshold for the edge detection al-
gorithm is tuned such that the lowest value is able to detect the jet
edges with the highest spatial accuracy for each repetition and pressure
ratio scenarios. For the ﬁrst two to three frames, a high threshold value
had to be used because of the smaller jet shape as can be evidenced in
Fig. 6. This is a result of higher frame rate used in this study. At pressure
ratios greater than 60 the intensity of the shock wave contour is higher
than for the low pressure ratio cases and so the same high threshold
value is used for ﬁrst ten frames. The threshold chosen for the rest of the
frames for all pressure ratio cases were similar. High frame rate was
found to be invaluable in calculating the symmetricity of the jet along
the injector’s axis. The sources of error that can arise in the measure-
ment results are mainly from the pressure gauges used to measure
upstream and downstream pressures, the jet-to-jet variation and the
sensitivity of the image processing technique. The accuracy of piezo-
resistive pressure sensors is in the range of± 0.5% of the full scale
output. The error bars shown in the graphs are the sample standard
deviation representative of repeatability. The diﬀerence in penetration
values as a result of varying threshold levels is estimated to be less than
0.5 mm. This is well within the standard deviation of injection samples.
3. Results and discussion
At ﬁrst, a brief discussion on the structure of the gas jet is presented.
The results presented can be classiﬁed under following sections: 1. Jet
structure 2. Jet properties – penetrations, spread angle, velocity, sym-
metry, etc. 3. Normalization of penetration
A sequence of high speed CNG injection into the CVC is presented in
Fig. 6. It can be seen from the schlieren images that the jet grows both
axially and radially in size.
3.1. Jet structure
The gaseous jet injected from a 90° conical annular nozzle produces
interesting ﬂow patterns. The outward-opening injector creates an an-
nular area of ﬂow through which the gas jet emerges to form a hollow
cone structure as depicted in the Fig. 7.i. A toroidal vortex which coils
inwards is formed immediately as the gas is ejected from the nozzle
which can be seen in Fig. 7.ii. As the jet advances with increasing vortex
size it entrains the surrounding medium and slowly decelerates. Large
regions of recirculation are formed as the gas jet ﬁlls up the void inside
the cone and collapses along the injector’s axis. It is expected that at
(i)
(ii)
Fig. 8. i) Jet evolution at PR 20 from 1ms to 5ms. ii) Jet structure for PRs 20 to 160 at 1 ms. Time stamp indicates after start of injection (aSOI) signal.
Combined penetration (P1,2) = 
y1,2
cos θ1,2
Spread angle = θ1 + θ2 
y  = mean (y1,y2), x = sum (x1,x2), P = mean (P1,P2).
Fig. 9. Deﬁning combined jet penetration (P) and spread angle.
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higher injection momentum or higher PRs the collapsing event would
occur at a later instant in time aSOI compared to lower injection
pressures. This can be observed from the schlieren images in Fig. 8.ii. At
PR 20 the gas jet seems to have collapsed after 1ms which is much
earlier than higher PR cases. After the collapse the jet develops axially
forming a mushroom shaped structure as shown in Fig. 8.i. Planar
imaging can help reveal details of this collapsing behaviour and more
importantly how they diﬀer with PR.
3.2. Jet properties
As can be seen in Fig. 7 the gas jet unlike hole type nozzles has pro-
nounced penetration in the radial direction as well because of the wide
nozzle angle as depicted in Fig. 8. In fact, the radial penetration is always
higher than the axial penetration at any time instant over the entire injection
period. Therefore, the jet image is further divided into two equal parts along
the injector axis. This division is also necessary to quantify asymmetricity of
the jet. The image segmentation process was carried out for each half image.
The jet boundary detected for each half image is used to calculate the pe-
netration in both axial and radial directions. As a result two sets of values
were calculated for each injection case. The axial penetration (y1, y2) of each
half jet is deﬁned as the distance from the nozzle opening location to the tip
of the gas jet along the injector axis as detected by the jet boundary. Radial
penetration (x1, x2) is deﬁned as the maximum distance from the injector
axis to the location of maximum width of the gas jet perpendicular to in-
jector’s axis. The combined axial penetration (y) of the jet is the mean of the
axial penetration of the half jet images and the combined radial penetration
(x) of the jet is the sum of the radial penetrations from the two half jet
images. It must be noted that calculating the axial and radial penetrations
without halving the images also gives the same values. It is found that the
maximum diﬀerence in penetrations between the two half images for all
pressure cases on an average is 3mm. Here, we deﬁne a new penetration
parameter which combines both the axial and radial penetrations based on
the centroid of the jet’s projected area as shown in Fig. 9.
The location of the centroid (c1,2) for both the half jet images is cal-
culated once the jet boundary is deﬁned using Matlab’s image processing
functions as shown in Fig. 9. The half spread angle (ϴ1, ϴ2) is deﬁned as
the angle formed between the injector axis and the line connecting the
nozzle location and the centroid extended up to the axial penetration lo-
cation as shown in Fig. 9. The centroid tracks the overall growth of the jet.
The combined penetration was found to be a better parameter for nor-
malization than axial penetration as will be shown later in the following
section. The centroid based estimation of penetration can also be used for
jets of non-regular shapes issued from non-standard nozzles including
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outward-opening type for diﬀerent nozzle seat angle.
3.2.1. Jet penetration and spread angle
The mean axial, radial and combined penetrations with respect to
time for all PRs are plotted in Figs. 10–12. It can be seen that the axial
and radial penetrations increase with increasing injection pressure. This
is expected as more mass is being injected and so the fuel propagates
globally. The largest diﬀerence in penetration rates is between 40 bar
and 20 bar. The diﬀerence in penetration diminishes with increasing PR
as can be seen in Figs. 11 and 12. This trend is more pronounced in the
radial direction. It can be seen from these ﬁgures that the radial pe-
netration is greater than the axial penetration for all pressure ratios and
at PR 160 it is more than twice. The larger radial growth is mainly due
to the wide nozzle angle.
The spread angle of gas jets as deﬁned in the previous section is
presented in Fig. 13. It can be clearly seen that there exists a transient
phase before 0.2ms during which the injector valve is still opening. The
spread angle is diﬀerent from the nozzle angle during this phase and
decreases as the gas jet advances which suggests that the jet curves
inwards along the injector’s axis. The spread angle increases with in-
jection pressure as the jet spreads radially occupying larger volumes
with the exception for pressures greater than 100 bar. At PRs above 100
the spread angle shows a decreasing trend which suggests contraction
of the jet. This can also be veriﬁed from the schlieren images shown in
Fig. 8. The entrainment of surrounding ﬂuid may possibly be aﬀecting
the jet structure diﬀerently at higher PRs. The reason for this reversal in
trend needs to be further investigated. The penetration lengths and
spread angle plots for the entire duration of measurement can be seen in
Figs. 22–24 which are found in the Appendix.
3.2.2. Jet velocity, area and volume
The velocities of gas jet in both axial and radial directions are plotted
in Fig. 14 calculated as yi/ti and xi/ti respectively i.e. time derivative of
penetrations. It can be clearly seen that the radial jet propagation is much
faster than the axial propagation and is more than twice during the initial
phase. The velocity in both directions peaks when the injector is fully
opened i.e. about 0.2ms aSOI. During this initial phase the mass ﬂow rate
is steadily increasing as the injector valve opens and so the velocity of the
gas jet increases as expected. After the injector is fully opened and is re-
latively steady the gas jet experiences deceleration as it interacts with the
ambient environment. The projected area of the jet shown in Fig. 15 is the
sum of mean areas of half jet images. These areas of half images are cal-
culated after image segmentation from the jet boundary. The jet volume is
calculated using the centroid volume theorem [19] which accounts for the
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half jet area and distance of the centroid from the injector’s axis. This
results in two total jet volumes calculated from integration of the 2-D area
of left half and right half images around the injector axis. The mean of this
volume is shown in Fig. 16. The jet area and volume is based on the
combination of fuel and surrounding medium. The jet area and volume
increases with PR due to increased mass ﬂow rate of the injector. Both
quantities show a similar increasing trend with pressure ratio. The rate of
increase reduces with increasing pressure ratio similar to penetration rates.
The jet area and volume is also an indicator of percentage ﬁlling in an
engine. Interestingly, the jet area and volume collapse to a single line
when plotted against combined penetration except for PR 20 and 40. A
similar behaviour was also shown by round nozzles [17]. The deviation
could be attributed to the delay in achieving self-similarity and the higher
degree of asymmetricity compared to higher PRs. These parameters are
discussed in the later sections. This suggests that the jet growth deﬁned in
terms of penetration and area or volume is strongly linked to the injection
momentum or the mass ﬂow rate as expressed in Eq. (3).
3.2.3. Jet concentration and asymmetricity
It is evident from the schlieren images that the vortex growth and
subsequent evolution of the gas jet at all pressure ratios is not sym-
metrical with respect to the injector’s axis. In order to quantify this
asymmetry, the jet’s volume is considered as this takes into account the
axial and radial growth in its entirety. The jet asymmetricity, which is a
measure of a jet’s asymmetry, is deﬁned as the percentage ratio be-
tween the diﬀerence in jet volume (Vleft - Vright) calculated from the half
jet images and the mean jet volume. This is presented in Fig. 17.ii. The
data are shown after the injector is fully opened. The positive value for
all pressure ratios after the development phase suggests that the left
half image is bigger in size than the right half image. This can be at-
tributed primarily to the uneven or eccentric opening of the annular
nozzle. It is also expected due to the highly turbulent nature of the ﬂow
and randomness associated with radially spreading jets. Interestingly
PR 80 and 100 has the best symmetry. Fig. 17.i shows the average jet
concentration which is deﬁned as the ratio between mass injected and
mean jet volume. A lower value of concentration implies increased
dilution of the jet and thus better mixing with the surrounding medium.
During the initial phase the jet concentration is higher. As the jet
spreads more time is available for mixing and so the concentration
reduces. Higher PR imparts higher momentum and so the initial jet
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concentration is higher.
3.3. Normalization of penetration
Gas jets from round nozzles follow self-similarity i.e., the growth of
gas jet in radial and axial directions are in proportion. Rogers [16]
showed that the ratio of radial and axial penetration remains constant
after a certain transient period for PR up to 400. This ratio is called the
self-similarity parameter/index. A value of 0.25 ± 0.05 was reported.
The self-similarity parameter is inversely related to the penetration
constant discussed earlier. Higher self-similarity values imply that the
gas jet grows more radially than axially and so the penetration constant
would be lower. In this case, it was found that annular conical gas jets
also behave similarly as shown in Fig. 18. Here the self-similarity
parameter is deﬁned as the ratio between radial and combined pene-
trations. It can be seen from Fig. 20 that after an initial development
period of about 0.5ms, the gas jet exhibits self-similarity. Lower PRs 40
and 60 show a gradual transition to self-similar phase than the higher
PRs. It must be noted that the self-similarity parameter is not constant if
axial penetration is used instead of combined penetration.
Fig. 19 shows the non-dimensionalised penetration normalised
using Eq. (3). It can be seen that penetration curves for all pressure
ratios collapses to a single line. The penetration constant is calculated
from 0.5 ms aSOI to the end of injection period as can be seen in Fig. 20.
The ﬁrst 0.2ms aSOI is the transient opening phase of the injector valve
during which the injection momentum rate steadily increases. As the
valve opens, the mass ﬂow rate through the nozzle increases with in-
creasing ﬂow area. After 0.2ms, the mass ﬂow rate becomes steady as
the valve has reached its maximum lift position and now the gas jet
transitions from developing to the similarity phase. It can be seen that
for PR 20 and 40 the transition is slower than for higher PRs. The
normalised axial penetration plot can be seen in Fig. 19.ii. It is clear by
comparing Fig. 19.i and Fig. 19.ii that the combined penetration obeys
the scaling law more accurately than axial penetration. The scaling
relationship was also veriﬁed by modifying the exponent of (Mn/ρa) and
time (t). The best ﬁt was found to be ¼ and ½ respectively. This shows
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that, except for the penetration constant (Г), existing correlations are
valid for a 90° conical annular gas jet. Interestingly the penetration
constant was found to vary with pressure ratio as shown in Fig. 21. The
decrease in the penetration constant above PR 100 is due to contraction
of the gas jet as also seen from the narrower spread angle in Fig. 13. The
coeﬃcient of variation of penetration constant was found to be about
1% on an average for all PRs. It is very likely that the penetration would
behave similarly for diﬀerent upstream and ambient densities but with
same density ratios in accordance with Eq. (1). The use of penetration
correlation can be very useful to predict the jet penetration for diﬀerent
engine operating conditions. For example, the in-cylinder pressure for
late-cycle injection during the compression stroke will be much higher
than early-cycle injection during the intake stroke. As the penetration is
inversely proportional to 1/4th of the cylinder density as shown in Eq.
(3), a 15:1 increase would lower the penetration length by almost twice
assuming the ﬂow is still choked at the nozzle.
The eﬀect of fuel composition on the penetration rate is expected to
be marginal and can be predicted using Eq. (1) or (3). For example,
increasing the methane content from the present 89% to 100% would
increase the speciﬁc heat ratio from 1.31 to 1.32 resulting in 0.1% in-
crease in penetration.
4. Summary/conclusion
In this experimental study, for the ﬁrst time to the author’s
knowledge the highly under-expanded transient jet ﬂow of natural-gas
(CNG) from a 90° conical annular nozzle injected into a quiescent
chamber at atmospheric conditions is investigated using high speed
schlieren imaging. A wide range of injection pressures from 20 bar to
160 bar is tested in steps of 20 bar.
At the beginning of injection a hollow conical gas jet is formed lead
by a toroidal vortex. The wide nozzle angle results in greater jet pro-
pagation radially than axially. A new penetration parameter is proposed
which is calculated using the centroid of the jet’s projected area and
takes into account both the axial and radial penetrations. The centroid
tracks the propagation of the jet. This can also be used for non-regular
jet shapes issued from non-standard nozzles.
The existing scaling correlation of penetration for gas jets issued from
round nozzles has the same form for 90° conical annular jets as well. While
the penetration constant for single hole jets is 3.0 ± 0.1, for conical jets it is
1.15 ± 0.05 after an initial development phase of 0.5ms. This validates
the turbulent jet theory for highly under-expanded transient gas jets applied
to ﬂow from outward-opening annular conical nozzle. The lower value of
combined penetration constant compared to round nozzles can be attributed
to the large radial spread creating characteristic recirculating vortices as a
result of wide nozzle angle and thus occupying larger volumes. The lower
penetration rate can be beneﬁcial for developing nozzle designs of outward-
opening injectors for stratiﬁed mixture formation in spray-guided direct-
injection spark-ignition engines with a centrally mounted injector.
It is expected that diﬀerent nozzle angles with similar seat design
would obey the scaling law but with a diﬀerent penetration constant (Г)
i.e., narrow nozzle angle will result in higher penetration constant.
Planar imaging using PIV and PLIF techniques can be later used to re-
veal the hollow conical structure of the jet and its dependence on
pressure ratio.
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Appendix
See Figs. 22–24.
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4.5 Far-Field Characterisation of Natural Gas Jets 
 
Additional schlieren images of the jet growth for defined injection conditions are 
presented in Figures 24-30. In particular, the averaged images are presented. 
 
    
    
 
    
    
 
Figure 24. High-speed schlieren images of the CNG jet for different PRs from 20 to 
160 at 1 ms aSOI signal. The first and third rows are instantaneous images while 
second and fourth are corresponding average of 10 consecutive images. 
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a) 
   
  
b) 
Figure 25. Jet evolution at PR 20 from 1 to 5 ms aSOI signal. a) Instantaneous images 
b) Average images. 
90
    
  
a) 
    
  
b) 
Figure 26. Jet evolution at PR 40 from 1 to 5 ms aSOI signal. a) Instantaneous images 
b) Average images. 
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a) 
  
  
b) 
Figure 27. a) Jet evolution at PR 60 from 1 to 3 ms aSOI signal. b) PR 80 at 1 and 2 
ms aSOI signal. First and third rows are instantaneous images while second and fourth 
are corresponding average images. 
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Figure 28. Jet evolution at PR 100 at 1 and 2 ms aSOI signal. First and second row 
correspond to instantaneous and average images. 
 
   
   
Figure 29. Jet evolution at 1 ms aSOI signal for PR 120, 140 and 160. First and second 
row correspond to instantaneous and average images. 
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a) 
   
  
b) 
Figure 30. Jet evolution at PR 10 from 1 to 5 ms aSOI signal. a) Instantaneous images 
b) Average images. 
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In the experimental campaign, an exception in the agreement of penetration 
correlation is observed for the case of PR 10. As can be seen from the averaged 
images in Figure 24-29, two ‘branched’ regions can be clearly identified from the jet 
shape for PR 20 to 160, whereas in the case of PR 10 as shown in Figure 30, the jet 
shape is entirely different with no such identifiable regions. The combined penetration 
for PR 10 is found to scale linearly with t and not t1/2 as found for other PRs. This can 
be attributed to the lower injection momentum for PR 10 which causes the gas jet to 
collapse immediately after injection and develop like that issued from a typical circular 
type of nozzle. 
 
Two different approaches were investigated to calculate the combined penetration of 
the jet. This can be visualised from Figure 31 and the corresponding calculations are 
presented in Table 3.  
 
      
 
   a)              b) 
 
Figure 31. Schematic showing the measurement technique for combined jet 
penetration. a) Centroid based b) Triangle based. 
 
Table 3. Calculation procedure for combined jet penetration. 
 
 
 
95
Centroid based Triangle based 
 
Penetration (P1,2) = 
y1,2
cos θ1,2
 
 
Spread angle = θ1 + θ2  
 
 
Penetration (P1,2) = �x1,2
2  + y1,22  
 
Spread angle = tan-1
x1,2
y1,2
 + tan-1
x1,2
y1,2
 
 
 
y = mean (y1, y2), x = sum (x1, x2), P = mean (P1, P2). 
 
The triangle based method produces a wider spread angle with slightly higher values 
of combined penetration compared to the centroid based method. It can be observed 
from the above Figure 31 that the combined penetration length (P1, P2) calculated 
using the centroid based method is closer to the jet boundary than that calculated 
using triangle based method. Therefore, the former technique is used in this work. 
Moreover, the centroid tracks the projected area of the jet and therefore the overall 
growth of the jet is captured more realistically through this method. It must be noted 
that the latter method also produces similar results i.e. the combined jet penetration 
for all PRs collapses to form a straight line when normalised. The normalised 
penetration calculated using both approaches can be compared from Figure 32.a and 
Figure 33.b.  
 
Any small pockets of gas that may get detached from the main jet is identified by the 
image segmentation algorithm in Matlab and is automatically excluded from the 
calculation of the jet’s projected area and the centroid. 
 
The jet penetration equation used throughout this study was first proposed by 
Ouellette [14]. The derivation of this equation is presented in the appendix. 
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 a) 
 
b) 
Figure 32. Normalised combined jet penetration and evolution of combined 
penetration constant using the triangle based method for various PRs. 
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 a) 
 
b) 
Figure 33. Comparison of normalised combined penetration for various PRs. a) Raw 
data b) Extrapolated data.  
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b) 
Figure 34. Comparison of evolution of combined penetration constant for various PRs. 
a) Raw data b) Extrapolated data.  
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 a) 
 
b) 
Figure 35. Comparison of combined penetration constant for PRs 20 to 160. a) Raw 
data b) Extrapolated data. Error bars represent sample standard deviation. 
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The high-speed camera is triggered by the same signal that is used to trigger the 
injector driver. The time difference between the camera trigger and recording of the 
first frame is not a constant rather changes every time a new video is taken. This is 
usually smaller than the inter-frame period. As a result, all the frames (images) will be 
at a different time instant with respect to the trigger datum. To overcome this, all the 
data (penetration length, time, etc.) of all PRs is linearly extrapolated for a common 
reference i.e. to begin injection from the origin. This is presented in Figures 33-35. As 
can be seen the difference between extrapolated and non-extrapolated data is 
negligible, however, from Figure 34, it can be observed that the spread of the data 
especially at the transition stage of 0.5 ms is smaller. This is better illustrated in Figure 
35 where the range of the extrapolated average combined penetration constant is 
smaller than the non-extrapolated data. Hence it is important to extrapolate the results 
as it helps in collapsing the penetration data and to get a better correlation with the 
flow theory. 
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b) 
c) 
Figure 36. Double logarithmic plots of normalised combined penetration showing the 
self-similarity of the jet. The equations correspond to PR of 20, 100 and 160.  
a) For the entire injection duration b) Before 0.5 ms and c) After 0.5 ms.  
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Further investigation reveals that during the transient opening period of the injector 
needle, the jet penetration is proportional to t and not t1/2. This can be seen from the 
double logarithmic curves plotted in Figure 36. This variation in scaling with respect 
to time is attributed to the increasing injection momentum rate due to increasing flow 
area as the needle starts to open. As shown in the Figures 36.b-c, the penetration 
constant lies between 1.6 and 1.85 during the developing stage up to 0.5 ms aSOI. It 
then transitions to 1.15 ± 0.05 after 0.5 ms, when the injection momentum rate reaches 
a steady constant value. The jet is now said to be fully developed.  
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4.6  Near-Field Characterisation of Natural Gas Jets 
In this section, the near-field shock structure of the highly under-expanded jet is 
characterised using high-speed schlieren imaging. The geometry of the nozzle as well 
as upstream of the nozzle both have an influence on the flow structure immediately 
downstream of the nozzle. It is important to have smooth and gradual changes in the 
cross-sectional area near the nozzle in order to reduce flow contractions and maximise 
the mass flow rate. 
The movement of the injector needle creates the nozzle flow region. The transient 
evolution of the shock cell is presented in Figure 37-40. Averaged schlieren images of 
ten consecutive injection events are shown in Figure 37. The steady-state values are 
taken after the injector is fully opened at 1 ms aSOI signal. The Barrel length and the 
Mach disc diameter are found to be proportional to the square root of PR whereas 
the Mach disc reflection angle remains relatively constant. This trend is in accordance 
with the literature [12]. The most important finding here is the correlation of the 
transient evolution of the Barrel length and Mach disc diameter with respect to the 
needle lift profile of the injector. This is shown in Figure 39. The jet angle represents 
half of the included angle of the jet measured along the nozzle axis. It is calculated 
by measuring the inclination of the Mach disc diameter. The error bars represent 
sample standard deviation. 
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       a) 
 
Figure 37. a) Near-field structure of the highly under-expanded jet for increasing PRs 
(top-bottom: 80, 100, 120, 140, 160) shot at 10k FPS and 1 ms aSOI b) Schematic of 
the Mach disc [12] c) Locations of Barrel length, Mach disc diameter, etc. 
b) 
c) 
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a) 
 
 
b) 
 
Figure 38. Steady-State average a) Mach disc diameter and Barrel length b) Reflection 
and Jet angles for increasing PRs (80, 100, 120, 140, 160).  
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a) 
 
 
b) 
 
Figure 39. Transient evolution of average a) Mach disc diameter and b) Barrel length 
for PRs 80 to 160. The black solid line is the needle lift profile of the injector. 
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a) 
 
 
b) 
 
Figure 40. Transient evolution of average a) Reflection angle and b) Jet angle for PRs 
80 to 160.  
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         20 bar             40 bar              60 bar 
 
 
       80 bar            100 bar     120 bar 
 
 
        140 bar        160 bar 
 
Figure 41. Average schlieren images of the near-field region showing distinct 
difference in jet shape due to eccentric opening of the injector nozzle. 
 
It can be seen from Figure 38.b that the jet angle is slightly higher than the geometric 
nozzle angle (~45°). This difference can be attributed to the asymmetric opening of 
the injector needle. In fact, careful observation of the images in Figure 37 reveals that 
the left half image is slightly bigger in size than the right half image which suggests 
an eccentric or uneven opening of the injector needle. A very interesting observation 
is made near the near-field region of the injector as shown in Figure 41 above. It can 
be seen that the toroidal vortices formed at the tip of the jet rotate in the opposite 
directions, i.e. the outward rotating vortex in the left half of the jet spins in clockwise 
direction whereas the inward rotating vortex in the right half of the jet spins in anti-
clockwise direction. It is believed that the asymmetric opening of the injector nozzle 
has a strong role in this nature of flow.  
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4.7 An Experimental and Numerical Study of Natural Gas Jets for Direct 
Injection Internal Combustion Engines 
 
The work related to this section has been submitted to Fuel and is currently under 
review. 
 
The manuscript is attached in the following pages. 
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Highlights 
 
• Experimental and numerical study of transient CNG jet flow from outward opening nozzles  
• High speed schlieren imaging used for high spatial and temporal resolution 
• Wider nozzle angle results in higher mass flow rate due to larger effective flow area 
• Narrow nozzle angles produce collapsing jets with higher axial penetration than non-collapsing 
jets from wide nozzle angles 
• Results beneficial to design injector nozzles for stratified mixture formation 
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Natural gas predominantly contains methane which is the cleanest burning hydrocarbon. It can be considered as 
the most promising alternative fuel that has the potential to replace gasoline and diesel. This is mainly due to wider 
availability, lower fuel price, favourable fuel properties and cleaner burning characteristics. Currently in all spark 
ignited CNG engines fuel is port injected that results in lower peak torque due to reduced volumetric efficiency. 
Direct injection can easily overcome this drawback and can match the performance levels of modern gasoline direct 
injection engines while emitting far less harmful pollutants. Gaseous direct injection produces highly diffusive under-
expanded turbulent gaseous jets. In order to optimise mixture preparation and maximise combustion performance, 
the flow characteristics of gaseous jets need to be further understood and modelled. In this work, the fundamentals 
of gaseous flow from an outward opening direct injector is studied. Schlieren imaging is used at high spatial and 
temporal resolution to characterise the far-field jet growth. The nozzle in a typical outward opening direct injector 
has been found to produce a hollow conical jet at the beginning of injection which later collapses depending on 
the nozzle geometry and pressure ratio. The experimental data are used to validate a CFD model.  A numerical 
investigation is carried out to predict the jet growth for different nozzle geometries and their effect on the jet 
characteristics such as mass flow rate, penetration and mixing is discussed. 
 
Introduction 
 
Natural gas has been long promoted as the cleanest alternative fossil fuel for transportation. Despite the benefits 
of natural gas as a fuel [1], the global market share of natural gas vehicles is about 2%. [2]. One of the major 
barriers in the uptake of natural gas vehicles is the lack of sufficient refuelling infrastructure. This requires large 
investments and support from both the government and private sectors. Natural gas fuelled vehicles can easily 
meet the next generation of emission regulations worldwide. Natural gas which largely consists of methane (>70%) 
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has similar specific energy and a higher ratio of hydrogen to carbon atoms than gasoline or diesel which results in 
about 20-30% lower CO2 emissions when combusted [3]. Other pollutants such as CO, unburnt hydrocarbons and 
particulate emissions (PM) are also significantly lower.  
  
Gasoline direct injection (GDI) engines tend to emit large amounts of PM emissions compared to port fuel injection 
(PFI) engines and significantly higher when operated in stratified combustion mode [4]. This is a serious concern as 
soot is well known to be a carcinogenic lung irritant. The main source of soot in GDI engines is wetting of the 
liquid fuel on the surfaces of injector tip, piston top and cylinder liner. In addition, the in-nozzle and injector tip 
deposits cause reduction in mass flow rates and alter the spray characteristics which further increase PM emissions 
resulting in sub-optimal engine performance [5, 6]. Outward opening nozzles are found to form fewer injector 
deposits mainly because of the nozzle geometry that consists of straight sharp edges whereas the typical inward 
opening multi-hole nozzles have a counter bore design which promotes deposit formation [7]. It is reported that 
CNG direct injection combustion produces significantly lower PM emissions than GDI combustion in homogeneous 
stoichiometric mode [8] because of the absence of formation of liquid fuel films and it is expected that the reduction 
of particulates in stratified combustion mode would also be quite significant. It is worth mentioning that CNG-DI 
concept is currently being explored by many researchers worldwide as it promises to meet future emission 
regulations without compromising on engine performance while being more thermally efficient. 
 
In order to maximise the combustion performance of directly injected CNG, a thorough understanding of fuel 
injection and mixing processes is necessary. In a recent work by the authors [9], natural gas injection from a 
production outward opening GDI injector was investigated and characterised using high-speed schlieren imaging 
technique. In addition, a review of the literature on directly injected gaseous jets was presented. Far-field macro 
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properties of the transient jet such as penetration, spread angle, area, volume, etc. were quantified in great detail 
for a wide range of injection pressures. It was shown that the jet penetration obeys existing penetration correlations 
and the constant of penetration (Г) was found to be about three times lower than that for a single-hole nozzle for 
same injection conditions. In this article, the jet flow from different nozzle angles is simulated using CFD and 
compared. At first, the previous experimental data is used to validate the CFD model. The validated CFD model is 
then used to simulate gaseous injection from nozzles with different seat angles. The effect of nozzle geometry on 
jet growth and mixing is discussed. 
 
Experimental and Numerical Setup 
 
The injection of CNG is carried out inside a constant volume chamber (CVC) that has an optical access. The setup 
of the CVC and schlieren imaging is shown in Figure. 1. The injector is mounted on top of the CVC as can be seen 
from the figure. A Phantom high-speed camera is used to capture the gaseous jet injected into the CVC. The 
methane content of CNG used in the experiments is about 89%. Further information of the experimental setup such 
as construction details of the CVC, fuel properties of CNG, injection hardware, image processing techniques, are 
described in detail in [9].  
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Figure 1. The constant volume chamber (CVC) and schematic of the folded Z-type schlieren imaging setup [9]. 
 
Converge, a commercial CFD software is used to simulate the transient jet flow from the outward opening nozzle 
with a moving injector needle. The meshing process is fully automated which takes place during runtime based on 
user inputs. The mesh can also be refined at regions of interest where a fine grid is necessary. Converge uses a 
cartesian based method for grid generation using the cut-cell approach [10]. The RANS simulation approach is 
implemented using the standard k-ε turbulence model. The flow being simulated is compressible, and the pressure, 
density and temperature are coupled using the Redlich-Kwong equation of state. The PISO algorithm is used for 
pressure-velocity coupling. Variable simulation time-step is implemented which is limited by user specified CFL 
numbers [10]. 
 
The injector has a nozzle seat angle of ~90° (half included angle of ~45°) as illustrated in the schematic in Figure. 
2.a. The simulation domain is axisymmetric and semi-cylindrical in shape with dimensions of 15 mm x 25 mm (radius 
x height). This domain size is sufficient to cover the entire jet. Three different mesh sizes are implemented as can 
be seen in Figure. 2. A very fine mesh of size ~4 microns is imposed inside the nozzle in order to accurately capture 
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the downstream shock structure and the jet shape. The nozzle cannot be completely shut due to computing 
constraint and therefore a minimum opening is required. The minimum lift is set to 10 microns. The number of 
cells inside the nozzle in the transverse direction at minimum and maximum opening of the injector is 3 and 15 
respectively. The jet velocities at the immediate downstream of the nozzle exit are supersonic which necessitates 
high grid density. An intermediate mesh of fixed size is provided between the nozzle and the far-field region which 
ensures smooth transition of flow from the nozzle to the far domain. In addition, adaptive mesh refinement (AMR) 
technique is used which increases the grid resolution where high velocity and high fuel concentration is 
encountered. This increases the overall number of cells quite significantly as can be seen from Figure. 2.c.ii which 
is about 1 million cells. The base mesh size is 0.25 mm. In order to reduce the computational time only a 1° 
axisymmetric domain is used. All boundary conditions are set in accordance with the experimental setup. A pressure 
inlet boundary is implemented where the stagnation pressure of 20 bar is imposed. The inside region of the injector 
upstream of the nozzle is pre-filled with fuel at 20 bar while the nozzle and downstream is initialised at 1 bar filled 
with air as shown in Figure. 2.b.  The nozzle upstream and ambient temperature is 294 K. It must be noted that the 
gas simulated is CNG corresponding to that used in the experiments. The interface (i.e. nozzle entry) between 
upstream of the nozzle (20 bar) and the nozzle itself (1 bar) is initially closed. Opening of this interface initiates fuel 
flow. The timing of opening is set based on the experimental start of injection time which is determined from the 
high-speed schlieren videos [9]. This method of flow initialization with the actual injector needle movement 
represents the real injection condition more closely. 
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Results and Discussion 
  
 
 
 
 
 
a) 
 
 
 
   
 
 
 
 
 
 
 
 b) 
 
    c)    i.           ii. 
 
 
 
 
  d) 
 
Mesh sizes 
Base grid 250 μm  
AMR (max) 31.2 μm (250/23) 
Near nozzle 15.6 μm (250/24) 
Inside nozzle  3.9 μm (250/26) 
   t=305μs 
   t=215μs 
   t=115μs 
    t=65μs 
   t=405μs 
   t=495μs 
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Figure 2. CFD simulation of CNG injection from an outward opening nozzle. a) Schematic of the nozzle. b) 
Initialization and boundary conditions. c) Domain mesh at i) start and ii) end of simulation. d) Experimental 
(schlieren) vs. simulation (mass fraction contours) result of jet growth. Injection and ambient (air) pressure is 20 bar 
and 1 bar respectively. Injection and ambient temperature is 294 K. Time stamp indicates time aSOI signal. 
 
Numerical Validation 
 
The geometry of the injector nozzle used in this study was known which is necessary to prepare the CAD model. 
The profile of the nozzle lift was determined using a laser displacement sensor and is shown in Figure. 3.a. This 
information is used as an input parameter to simulate the moving boundary as shown in Figure. 2.b. The opening 
delay of the injector was measured using the high-speed schlieren video [9]. The time to fully open the needle was 
set to be about 0.2 ms aSOI signal. 
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Figure 3. a) Injector needle lift profile of the outward opening injector. b) Comparison of simulation and experimental 
result of total mass injected (CNG). Injection and ambient pressure is 20 bar and 1 bar respectively. Injection and 
ambient temperature is 294 K. 
 
 
a)        b) 
Figure 4. Comparison of simulation and experimental results of CNG injection. a) Axial and radial penetrations. b) 
Combined penetration. Injection and ambient pressure is 20 bar and 1 bar respectively. Injection and ambient 
temperature is 294 K. 
 
The simulation result of the jet growth is shown in Figure. 2.d. The jet contours of methane mass fraction are 
presented for direct comparison against experimental schlieren images. A 0.5% threshold of methane mass fraction 
is used to identify the boundary of the CNG jet. Schlieren is a line-of-sight technique and so the hollow nature of 
the jet flow is absent in these images however a depression in the density gradients can be observed which marks 
the boundary of the hollow jet. It can be seen that the jet shape predicted by the model very well matches with 
the schlieren images. The formation of a toroidal vortex at the beginning of injection can be seen clearly from the 
schlieren image which is a characteristic feature of this type of jet flow [9]. A comparison of mass injected with time 
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is presented in Figure. 3.b. The mass injected for the experimental case is calculated using an in-house developed 
injection rate meter.  
 
The penetrations comparison is shown in Figure. 4. As there exists a small delay (~35 μs) in injection due to the 
injector response, the penetration data from experiment as well as simulation are linearly extrapolated to start 
injection from the origin. The axial penetration (y) is defined as the distance of tip of the jet from the nozzle exit 
measured axially along the injector’s axis as can be seen in Figure. 2.d. The radial penetration (x’) is defined as the 
distance from the injector’s axis to the location of maximum width of the jet measured perpendicular to the axis of 
the injector. In fact, this radial penetration (x’) is actually half of the complete radial penetration (x) jet since only 
one-half of the jet is simulated assuming axial symmetry. As can be observed from Figure. 4, at later times the jet 
penetration is found to slightly deviate from the experimental data however an increase in the axial penetration is 
accompanied by a decrease in the radial penetration. This minor deviation can be attributed to the assumption of 
symmetrical flow whereas in the experiments an eccentric opening of the injector needle was observed [9]. The 
combined penetration (P) which takes into consideration both axial (y) and radial penetrations (x’) matches almost 
perfectly with the experimental data. The combined penetration (P) is calculated using the right angle triangle 
method where ‘x’’ and ‘y’ form the sides of the triangle. The hypotenuse represents the combined penetration i.e. 
P = √x′2 + y2 which is drawn from the exit of the nozzle as shown in Figure. 2.d. Another method of tracking 
the overall growth of the jet is by using the centroid of the jet’s projected area as proposed in [9].  
 
Effect of Nozzle Angle 
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To study the effect of the nozzle seat angle on the jet characteristics similar nozzle geometry is maintained as used 
in the previous section. This serves as a baseline i.e. the diameter (d) of the nozzle (see Figure. 2.a), nozzle length, 
etc. are kept the same and only the seat angles are changed as shown in Figure. 5 below. 
 
          
          a) 15°            b) 30°                      c) 45°        d) 45°→15°                   e) 45°→30° 
Figure 5. Schematic of the nozzle geometry with different seat angles (measured from vertical) used for simulations. 
Nozzle radius and lift are kept the same. The injector needles shown are at their full lift position. 
 
The nozzle seat angle is measured with respect to the vertical (half included angle). Three main nozzle angles are 
considered for the simulation i.e. 15°, 30° and 45°. Angles wider than 45° are not considered as they can produce 
jets that may get distorted in the combustion chamber due to coanda effect. The coanda effect causes the jet to 
get attached to the upper walls of cylinder head which can result in non-repeatable jet shape and unfavourable 
mixture formation. In addition, a special case of nozzles with a two-step seat design is chosen for comparison 
against single-step nozzles. These nozzles have an angle of 45° at the nozzle entry and converges to 15° and 30° 
at the exit as shown in Figure 5.d-e respectively. 
 
i] Mass Flow Rate 
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Gaseous direct injection results in choked flow at the nozzle due to its very small opening and also as the injection 
pressure is usually more than twice the downstream pressure [9]. Choked flow is beneficial as maximum flow rate 
can be obtained for a given injection pressure and flow area. The choked mass flow rate will be independent of 
the downstream pressure ensuring a better control on injection mass. The ideal choked mass flow rate equation 
[11] can be expressed as shown in Equation. 1 where An is the choked flow area (nozzle), Po and To are upstream 
stagnation pressure and temperature, γ is the specific heat ratio of the gas, M is the molar mass, z is the 
compressibility factor and R is the universal gas constant. 
 
?̇?𝐢𝐝𝐞𝐚𝐥 = 𝐀𝐧𝐏𝐨√
𝛄𝐌
𝐳𝐑𝐓𝐨
(
𝟐
𝛄+𝟏
)
𝛄+𝟏
𝛄−𝟏
  (1) 
 
As shown in the above equation, the mass flow rate of the injector for a given gas when choked is mainly a function 
of upstream pressure and temperature and nozzle area only. The injector needle creates an annular flow area 
representing a conical frustum which can be simplified as expressed in Equation. 2 below. 
 
𝐀𝐧 = 𝛑𝐋 𝐬𝐢𝐧 𝛉 (𝐝 − 𝐋
𝐬𝐢𝐧𝟐𝛉
𝟐
)  (2) 
 
Where d is the choked diameter of the nozzle (see Figure. 2.a), L is the needle lift and θ is the half included angle 
of the nozzle seat measured from the vertical. As can be seen from the equation, the nozzle area is a function of 
the needle lift and seat angle for a given nozzle diameter. With this information a graph of flow area can be plotted 
as a function of the needle lift for different seat angles and fixed nozzle diameter as shown in Figure. 6. From the 
figure it can be inferred that wider nozzle angles result in larger opening for a given lift. This can also be visualised 
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from Figure. 5. For example, the flow area of 45° nozzle is about 2.7 times and 1.4 times larger than that of 15° 
and 30° nozzle respectively for same lift. It must be noted that a similar flow area can be obtained with 15° and 
30° nozzle by further increasing the lift however it increases the actuating voltage and places additional demand 
on the injector driver especially if fast opening is required.  
 
Figure 6. Plot showing choked flow area of the nozzle as a function of injector lift for different nozzle seat angles 
(measured from vertical) and fixed nozzle diameter. 
 
The simulation domain for the different nozzle angle cases is similar to that used in the previous section for 
validation. Here, methane is injected in a nitrogen environment. The domain is axisymmetric and semi-cylindrical in 
shape with dimensions of 15 mm x 50 mm (radius x height). The base mesh size is 0.25 mm. The number of cells 
inside the nozzle in the transverse direction when fully opened is 20 of size 15.6 μm (250/24). The mesh size near 
the nozzle region is refined similarly for a smooth transition of flow from the nozzle to the far-field region. The 
AMR is implemented as well which increases grid resolution up to 31.2 μm (250/23) in regions of high fuel 
concentration and high velocity. As a result the total cell count at the end of simulation is close to half a million. 
Flow initialization follows the same method as used in the previous validation section. A 1° 3D domain is chosen 
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to reduce the computational time. The GDI injector used in the previous CNG injection experiments results in lower 
mass flow rates with CNG when operated at its maximum design lift [9]. Therefore, to obtain higher and more 
realistic mass flow rates at 20 bar injection pressure, higher needle lift is used in these simulations as shown in 
Figure. 7.a. Other boundary conditions such as injection and ambient pressure are kept the same i.e. 20 bar and 1 
bar respectively. The nozzle upstream and ambient temperature is 294 K. 
 
 
a)        b) 
Figure 7. a) Needle lift profile (high) for simulation of methane injection from different nozzle angles. b) Simulated 
mass flow rate profiles from different nozzle angles. All data are normalised with respect to the previous CNG 
injection case for comparison (dashed lines). Injection and ambient pressure is 20 bar and 1 bar respectively. 
Injection and ambient temperature is 294 K. 
 
The mass flow rates from the simulation are presented in Figure. 7.b. Mass flow rate and lift profile of CNG injection 
is shown for comparison to highlight the increased lift in the simulations of methane jet. It can be clearly seen that 
the profile of mass flow rate follows the needle lift profile. This is expected since the mass flow rate is a function 
of flow area only, because the rest of the parameters shown in Equation. 1 remain the same. As a result, the increase 
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in mass flow rate with increasing nozzle angles is same as the increase in flow area shown in Figure. 6. The discharge 
coefficient (cd) can then be calculated as the ratio of measured (simulation) and theoretical (choked isentropic) mass 
flow rate and is found to be about 0.9 for all the tested cases. In the special case of the two-step nozzles, the flow 
rate obtained is same as the 45° straight nozzle case. This is because the entry angle of the two-step nozzles is 45
° and is designed to ensure choking occurs at the nozzle entry where the cross-sectional area is minimum. This is 
confirmed in the simulations as shown in Figure. 8. In all cases Mach 1 is reached at the point of minimum area 
which designed to be at the nozzle entry. The flow then accelerates to supersonic velocities in the range of Mach 
2.5-3.5. Therefore, in order to maximise the flow rate a wider seat angle at the entry of the nozzle is proposed and 
the exit can be angled depending on the jet targeting requirements of the application. This gives an additional 
degree of freedom. The nozzle edges can be smoothened and by gradually decreasing the seat angle from the 
nozzle entry to the required angle at the exit will help to reduce flow contractions. Similarly, gradual changes in 
the flow path upstream of the nozzle will help to maximise the effective cross-sectional area at the nozzle throat. 
The formation of a shock cell downstream of the nozzle is clearly seen in Figure. 8. The size of the Mach disc and 
the peak Mach number increases with the mass flow rate of the choked nozzle however the two-step nozzles have 
a lower peak Mach number than the 45° straight nozzle due to the change in flow direction caused by the step 
inside the nozzle.  
 
   
a) 15°          b) 30°                  c) 45°               d) 45°→15°               e) 45°→30° 
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Figure 8. Comparison of Mach contours of simulated methane jets from different nozzle angles. The flow is choked 
(Mach=1) at the nozzle entry for all nozzle angles. Images correspond to 0.265 ms aSOI. Injection and ambient 
pressure is 20 bar and 1 bar respectively. Injection and ambient temperature is 294 K. 
 
ii] Jet growth 
 
The jet development is presented in Figure. 9. The threshold of methane mass fraction for identifying the jet 
boundary is set at 1%. The nozzle cases that have the same mass flow rate i.e. 45°, 45°→15° and 45°→30° are 
shown for comparison. As can be seen, the effect of changing the angle of the nozzle seat has a significant impact 
on the jet shape and penetration. At the beginning of injection a hollow conical gas jet led by a toroidal vortex is 
formed simply due to the annular opening of the nozzle.  
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Figure 9. Simulation of methane jets injected from outward opening nozzles with different seat angles. Injection 
and ambient pressure is 20 bar and 1 bar respectively. Injection and ambient temperature is 294 K. Mass flow rate 
is the same across all nozzle cases. Time stamp indicates time aSOI signal. 
 
The vortex is seen to roll-up inwards and it grows into a large low-pressure region of recirculation below the 
injector whose size and velocity depend on the nozzle geometry. As the jet progresses it is found to collapse, filling 
up the void below the injector and continues to propagate in the axial direction. After the collapse, the jet begins 
to take a different shape. Another vortex is created at the tip of the jet that is seen to roll-up outwards and 
continues to grow in size. This outer vortex alters the shape of the jet creating another region of recirculation. The 
hollow nature of the jet flow is seen to collapse in the 45°→15° nozzle case first followed by the 45°→30° nozzle. 
The sizes of the recirculating zones follow the reverse order i.e. wider nozzle angles have larger regions which also 
results in collapse of the jet later in time. The gas jet from the 45° nozzle is seen to behave differently compared 
to other nozzles. It is found to diffuse along the nozzle axis and does not collapse for the duration of simulation.  
 
An interesting feature that can be observed from the jet flow is that with wider nozzle angles the jet mixture 
becomes less stratified. This can be seen from the contours of the methane mass fraction in Figure. 9. The 45°→15
° nozzle jet has a ‘richer’ core than the other nozzle angles, while the bulk of the mixture is seen to be well mixed 
in the case of 45° nozzle jet. This can be attributed to the formation of a larger recirculating zone for the 45° nozzle 
case due to its wider seat angle that has resulted in higher entrainment of surrounding fluid. Another interesting 
feature of collapsing jets (<45° nozzle) is the formation of two recirculating vortex regions that rotate in opposite 
directions i.e. a stationary region below the nozzle which rolls inwards and a traveling vortex region near the jet tip 
that rolls outwards. The inward rotating stationary region creates a locally rich zone as the jet fills up the void below 
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the injector and collapses whereas the outward circulating region near the jet tip entrains the surrounding medium 
and leans out. The exception is with the 45° nozzle jet which is not seen to collapse. 
The axial and radial penetrations are presented in Figure. 10. The definitions of penetrations are same as that used 
in the previous section. Here, two types of comparison of jet flow are made and discussed, i.e. between 15°, 30°, 
45° nozzle cases and between 45°, 45°→15°, 45°→30° nozzle cases. For the former case all are single-step nozzles 
with different mass flow rates and in the latter case the nozzles have a step with same mass flow rates. The axial 
penetration is highest for the 45°→15° nozzle followed by the 45°→30° and 45° nozzle while the radial penetrations 
generally follow the reverse order. From these simulations it can be clearly seen that higher mass flow rate does 
not necessarily equate to higher axial penetration as it depends on the direction along which the jet is targeted. 
Interestingly, the jet from the 45°→15° nozzle due to its narrow exit angle is found to be quite similar in shape as 
that issued from a typical circular nozzle. It can be observed from Figure. 10 that the maximum radial width of 45°
→15° nozzle jet is similar to that of the 45°→30° nozzle jet whereas in the case of single-step nozzles an increasing 
trend is seen. This can be attributed to the step in the nozzle which has a greater change in the flow direction (i.e. 
45°→15°) resulting in larger flow contraction and hence a wider radial spread.  
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 a)        b) 
Figure 10. Axial and radial penetrations of simulated methane jets injected from outward opening nozzles with 
different nozzle seat angles. a) Straight nozzle b) Step nozzle. Injection and ambient pressure is 20 bar and 1 bar 
respectively. Injection and ambient temperature is 294 K. 
 
The in-jet velocities are shown in Figure. 11 below. The near nozzle region which is impenetrable and where 
supersonic gas velocities are expected is clearly visible. In the case of collapsing jets, a stagnation zone (2) is visible 
below the low-pressure recirculating region (1) where velocities are low [12]. Mixing primarily occurs below this 
zone close to the jet boundary. Large velocity gradients can be seen in the radial direction. In the case of non-
collapsing jet (45° nozzle), the entire mixture is seen to participate in mixing as no rich zones are formed and the 
in-jet velocities are found to be comparatively lower.  
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Velocity      100           300        500         700          900  m/s  
 
      Pressure       0.8   0.9        1.0  1.1      1.2  bar 
 
Figure 11. In-jet velocities (left) and pressure (right) of simulated methane jets injected from outward opening 
nozzles with different nozzle seat angles. Images correspond to 0.265 ms aSOI signal. Injection pressure and ambient 
pressure is 20 bar and 1 bar respectively. Injection and ambient temperature is 294 K. 1] Inner recirculating stationary 
zone 2] Stagnation zone 3] Outer recirculating traveling zone. 
 
The in-jet velocities in the flammable region that lies close to the jet boundary is found to be in the range of 35-
55 m/s. The velocity flow field is very useful for example to optimise the location of the spark plug and the spark 
timing to ensure the velocities across the spark gap are not high. 
 
iii] Mixing Characteristics 
 
1 
2 
3 
a) 45°→15°            b) 45°→30°                               c) 45° 
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The distribution of mass fraction of the injected fuel is considered to characterise and asses the mixing behaviour 
of the nozzles. This approach to quantify mixing of free gaseous jets is used quite often in the literature [13]. The 
jet mixture is divided into three zones, i.e. lean, flammable and rich mixture zones. The fuel fraction or percentage 
of injected fuel present in these zones changes as the jet progresses and mixes with the surrounding medium which 
can be plotted as a function of time. This is shown in Figure. 12 below. 
 
 
Figure 12. Mixing characterization of simulated methane jets injected from outward opening nozzles with different 
nozzle seat angles. Plots show fraction of injected fuel in lean, flammable and rich mixtures. Injection and ambient 
pressure is 20 bar and 1 bar respectively. 
 
The fuel fractions can be classified as lean, flammable and rich. The flammable fuel fraction (ff) is defined as the 
fraction of injected fuel present in the flammable mixture zone. In other words defined as shown in Equation. 3 
below: 
 
ff  =  
mass of fuel in the flammable mixture
total mass of fuel
  (3) 
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The flammability limits are defined as 0.7<λ<1.8 where λ is the relative air-fuel ratio. These limits are realistically 
set where stable flame propagation can be expected [14]. The lean and rich mixture zones are regions where λ is 
greater than 1.8 and less than 0.7 respectively. The lean and rich fuel fractions are defined similarly as the fraction 
of injected fuel in the lean and rich mixture zones respectively. It can be seen from the above figure that mixing 
comparison is made only between the nozzles with same mass flow rates. It must be pointed out here that similar 
simulated mixing patterns are expected if air is used in place of nitrogen and therefore the definition of flammability 
is explored to quantify mixing.  
 
It can be observed from Figure. 12 that most of the injected fuel is in the rich zone becuase the injection is ongoing 
and since the lean and flammable zones are very narrow compared to rich zone. As seen from the mass contour 
plots in Figure. 9, although the jet from 45° nozzle seems to have the bulk of its mass well mixed, the fuel fraction 
plot in Figure. 12 shows otherwise. The fuel fraction in all three zones for the 45° nozzle remains relatively constant 
and show little change as the jet develops, whereas from the 45°→15° and the 45°→30° nozzles, the gas jet is seen 
to have an increase in its flammable mass from 0.175 ms and 0.25 ms aSOI onwards respectively. This is the instant 
when the hollow void below the injector nozzle is filled and the region below the recirculating zone headed with 
an outer vortex participates in mixing. The stagnant nature of mixing from the 45° nozzle can be attributed to the 
non-collapsing tendency of the gas jet. To further illustrate the mixing pattern in the near nozzle region, a plot of 
fuel fraction in the rich ‘core’ region of the gas jet is shown in Figure. 13 below. 
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 Figure 13. Mixing characterization of simulated methane jets injected from outward opening nozzles with different 
nozzle seat angles. Plots show fraction of injected fuel in the rich ‘core’ region of the jet (mf > 0.5). Injection and 
ambient pressure is 20 bar and 1 bar respectively. 
 
Here, the jet ‘core’ is arbitrarily chosen as the region where the methane fuel fraction is above 0.5.  A local increase 
in the fuel fraction is seen for the collapsing type of jets (<45°) which corresponds to filling of the void below the 
injector by the fuel and formation of the recirculating region. This occurs first with the 45°→15° nozzle due to its 
narrower seat angle followed by the 45°→30° nozzle. Narrow nozzle angles result in a smaller hollow zone below 
the nozzle as the gas jet is being injected and hence the void is filled quicker. In the case of the 45° nozzle, the 
gas jet does not collapse due to its wider angle of injection and so no local increase in rich fraction is seen, however, 
a faster rate of mixing is observed as seen by the sharp decline in the fuel fraction in the rich ‘core’ region of the 
gas jet in Figure. 13. This is because the entire mass of jet participates in mixing without collapsing. 
 
The effect of pressure ratio on the jet shape and mixing characteristics can be a topic of a future study. 
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Summary and Conclusions 
 
This article presents an experimental and numerical investigation of natural gas jet flow injected from outward 
opening nozzles for direct injection application. A production GDI injector with a ~45° nozzle seat angle is used to 
perform natural gas injections in a spray vessel at 20 bar injection pressure and room conditions. High-speed 
schlieren imaging is used to capture the jet growth at high resolution. The experimental data is used to validate 
CFD simulations. An excellent agreement in terms of the mass injected and penetrations is achieved. With the 
validated CFD model, methane jet flow from different nozzle angles is investigated. The main conclusions that can 
be drawn from this study are summarised below: 
 
• It is essential to know the nozzle geometry and the injector lift movement to obtain simulation results that 
closely represent the experimental data in terms of mass injected, jet penetration and jet shape. The RANS 
simulation approach satisfactorily captures the highly under-expanded supersonic jet flow. At least 15 cells 
across the nozzle lift when fully opened is recommended for satisfactorily reproducing the downstream 
shock structure and jet penetration. 
 
• Outward opening nozzles create an annular flow area which is a function of the needle lift, nozzle seat 
radius and seat angle. Wider nozzle angles result in a larger opening area for a given lift. The choked mass 
flow rate of the nozzle is mainly a function of this flow area and the injection pressure. Therefore, wider 
nozzle angles result in higher mass flow rates for a given injection pressure and needle lift. A proposed 
nozzle design is to have a wider entry angle to achieve high mass flow and an exit angle as per the jet 
targeting requirements of the application. 
135
• The hollow conical jet initially is headed by a toroidal vortex which depending on the nozzle angle curves 
inwards and starts to fill the void below the injector. Nozzle angles <45° produce collapsing jets which form 
a stationary region of recirculation below the nozzle where little or no mixing occurs. Gas jet from 45° 
nozzle does not collapse and so differs in its shape and mixing pattern compared to collapsing jets. 
 
• Mixing in collapsing jets mainly occurs after the collapse with the formation of an outer recirculating 
traveling region near the jet tip that promotes entrainment. In non-collapsing jet (45° nozzle) the entire 
mixture participates in mixing. Jet shape and penetration primarily depends on the nozzle design (seat 
angle, length, shape, etc.) for a given mass flow rate. Collapsing jets produce higher axial penetration than 
a non-collapsing jet. The maximum radial width is less sensitive to collapse. 
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Nomenclature 
 
A area of flow 
AMR adaptive mesh refinement 
aSOI after start of injection  
CFL Courant-Friedrichs-Lewy     
CNG compressed natural gas 
CH4  methane 
CO carbon monoxide 
CO2 carbon dioxide  
CVC constant volume chamber 
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DI direct injection     
GDI gasoline direct injection 
L lift of injector 
M molecular weight 
P penetration combined/pressure 
PISO pressure-implicit with splitting of operators 
PFI port-fuel injection 
PM particulate matter 
R universal gas constant 
RNS Reynolds-averaged Navier-Stokes 
T temperature 
d diameter of nozzle (choked) 
f fuel fraction 
x’ radial penetration (half) 
y axial penetration 
 
Symbols      Subscripts      
Г penetration constant   f flammable 
θ nozzle seat angle   n nozzle 
γ ratio of specific heats   o upstream/stagnation 
ρ density 
λ lambda (relative air-fuel ratio) 
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CONCLUSIONS 
 
The primary objective of this thesis is to characterise and provide detailed information 
on the flow of natural gas from outward opening direct injectors. This is highly 
essential to understand the jet development and mixture formation to be able to 
design suitable injection systems for DI application. The flow from these type of 
injector nozzles differs significantly compared to that from inward opening injectors 
with round type of nozzles. At first, a production GDI injector is used to characterise 
the flow at a wide range of injection pressures using high-speed schlieren imaging 
followed by validating the experimental penetration data using 3D CFD simulations. 
Next, the CFD numerical model is used to predict the flow from various nozzle 
geometries. The effect of nozzle seat angle on the mass flow rate, penetration and 
mixing is studied. 
The other half of the work in this thesis focusses on engine experiments. A fully 
instrumented single cylinder research engine is used to perform CNG-DI testing. The 
flexibility in injection timing associated with direct injection enables efficient 
combustion strategies such as homogeneous lean and stratified lean combustion to 
be explored, as shown in this work.  
The original contributions of this research are summarised in the next section and in 
addition suggestions for future work are proposed. 
 
 
 
 
 
140
5.1 Summary of Original Contributions 
 
 An improvement in combustion stability as a result of faster combustion due 
to injection induced turbulence and therefore an extension in lean limit is 
achieved. At the WWMP, the lean limit (λ) is extended from 1.5 to 1.8 while 
maintaining the CoV of IMEPn below 3%. 
 
 A 5% absolute improvement in engine efficiency is achieved at low load and 
speed using CNG-DI stratified combustion (λ=2) relative to homogeneous 
stoichiometric combustion (λ=1). 
 
 A novel technique to measure the instantaneous mass flow rate of gaseous fuel 
injection is presented.  
 
 A first detailed investigative study of highly under-expanded transient jet flow 
of CNG fuel from an outward opening nozzle for wide operating pressure ratios 
ranging from 20 to 160. 
 
 A very good agreement of scaling of the jet penetration with existing 
correlations. The penetration constant (Γ) is found to be 1.15 ± 0.05 for tested 
PRs. This is almost three times lower than that for a circular nozzle. 
 
 Two novel techniques to track the overall growth of the jet is presented. One 
is using the centroid of the projected jet area and the other based on the right-
angle triangle method. 
 
 High resolution characterisation of the near-field supersonic shock structure 
and its correlation to the lift profile of the injector needle. 
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 Characterisation of jet flow from outward opening nozzle with different seat 
angles using validated 3D CFD simulations. Wider nozzle angles for a given lift 
increases the flow area that results in higher mass flow rates which is in line 
with the flow theory. 
 
 The proposed nozzle design is to have a wide entry angle (≥45°) for high mass 
flow rate and an exit angle depending on the jet targeting requirements of the 
application.  
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5.2 Recommendations for Future Work 
 
As a continuation of the current work the following are recommendations for future 
research activities: 
 
• A CFD-guided approach should be undertaken to understand the effect of 
proposed nozzle design on in-cylinder mixing and combustion using full cycle 
engine simulations for both homogeneous and stratified lean conditions.  
 
• Advanced ignition technologies like multi-spark, corona ignition and turbulent 
jet ignition have the potential for a more robust lean combustion system 
compared to conventional single spark ignition and therefore warrant 
exploration.   
 
• The effect of eccentric opening of the injector needle on the jet flow needs 
further investigation as the jet shape is found to be highly sensitive in the near-
field region due to the outward opening nature of the injector. This can have 
interesting implications for stratified mixture preparation. 
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APPENDIX 
 
I. Uncertainty Analysis 
 
A study is carried out to assess the magnitude of uncertainty for three major 
calculations in this work. They are: 1] indicated thermal efficiency of the engine, 2] jet 
penetration and 3] mass flow rate of the injector. 
 
1] Indicated Thermal Efficiency ≈ ± 0.9% 
 
 
�(𝑇𝑇𝑇𝑇𝑇𝑇 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)2 +  (𝑃𝑃 ∗ 𝑑𝑑𝑑𝑑)2 + (𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜)2  +  (𝑜𝑜𝑓𝑓𝑜𝑜𝑐𝑐 𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑐𝑐)2 
 
 
2] Mass Flow Rate ≈ ± 6 - 7.5% 
 
 
�(𝑜𝑜ℎ𝑜𝑜𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑜𝑜𝑓𝑓𝑐𝑐𝑐𝑐𝑜𝑜)2 + (𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑓𝑓𝑐𝑐𝑜𝑜)2 +  (𝑣𝑣𝑜𝑜𝑐𝑐𝑓𝑓𝑐𝑐𝑜𝑜)2  + (𝑇𝑇𝐶𝐶𝐶𝐶 𝑐𝑐𝑜𝑜𝑐𝑐𝑚𝑚𝑐𝑐 𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜)2 
 
 
3] Penetration (Γ) ≈ ± 1.5 - 1.9% 
 
��
𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜 𝑜𝑜𝑐𝑐𝑜𝑜𝑓𝑓 𝑐𝑐𝑚𝑚𝑜𝑜𝑜𝑜4 �2 
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II. Jet Penetration Equation
Figure 42. Structure of a transient turbulent gaseous jet. Image source: [12] 
A transient jet issued from a typical circular nozzle is headed by a vortex like structure 
at its tip as shown in Figure 42 above. As the jet penetrates, the spherical vortex is 
being fed continuously by the upstream injection momentum. The momentum of the 
vortex head therefore can be considered to be a fraction of the total injection 
momentum and can be expressed as: 
𝐌𝐌𝐧𝐧 ∗ 𝐭𝐭 ∝  (𝛒𝛒 ∗ 𝛑𝛑 ∗ 𝐑𝐑𝟑𝟑 ∗ 𝐔𝐔) 
Where Mn is the nozzle injection momentum rate, t is time aSOI signal, k is 
proportionality constant and ρ, R and U are density, radius and velocity of the vortex 
head respectively. 
147
The radius of vortex head is proportional to its distance from the nozzle i.e. the axial 
penetration (y). The density of vortex head is proportional to the ambient/downstream 
density (ρa) as shown below: 
 
𝐑𝐑 ∝ 𝐲𝐲 𝛒𝛒 ∝ 𝛒𝛒𝐚𝐚 𝐔𝐔 = 𝐲𝐲/𝐭𝐭 
 
Substituting the above relations in the injection momentum equation, we get: 
 (𝐌𝐌𝐧𝐧 ∗ 𝐭𝐭)  ∝  �𝛒𝛒𝐚𝐚 ∗ 𝐲𝐲𝟑𝟑 ∗ 𝐲𝐲𝐭𝐭� 
 
On rearranging the above terms, we get: 
 
𝐲𝐲 =  Г ∗ �𝐌𝐌𝐧𝐧
𝛒𝛒𝐚𝐚
�
𝟏𝟏
𝟒𝟒
∗ √𝐭𝐭 
 
Where Г is defined as the penetration constant.  
 
The momentum injection rate in the above equation can be further expanded as the 
product of mass flow rate (mf) and the nozzle velocity (Un) as shown below: 
 
𝐲𝐲 =  Г ∗ �𝐦𝐦𝐟𝐟 ∗ 𝐔𝐔𝐧𝐧
𝛒𝛒𝐚𝐚
�
𝟏𝟏
𝟒𝟒
∗ √𝐭𝐭 
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Pressure sensors  //  Sensors for engine development
GU22C
The GU22C is a 6 .2 mm plug-type sensor for precise thermody-
namic analysis which fulfills reference class requirements when 
used in combination with the PH04 flame arrestor . It is based on a 
well established design concept that allows high accuracy . There 
is no influence of the mounting bore on the pressure signal due to 
minimized mechanical contact between the mounting bore and the 
sensor housing . The GU22C is equipped with built in SID for SDM . 
A thermo protection can improve the accuracy even further, see 
also page 100 .
Specifications
Accessories
Measuring range 0…250 bar 
Overload 300 bar 
Lifetime ≥ 108 load cycles
Sensitivity 34 pC/bar nominal
Linearity ≤ ± 0 .3% FSO
Natural frequency ~ 100 kHz 
Acceleration sensitivity ≤ 0 .001 bar/g axial
Shock resistance ≥ 2000 g
Insulation resistance ≥ 1013 at 20°C 
Capacitance 8 pF 
Operating temperature range - 40°C … 400°C
Thermal sensitivity change ≤ 1% 20… 400°C
 ≤ ± 0 .25% 250 ±100°C
Load change drift 1 .5 mbar/ms max . gradient
Cyclic temperature drift (1) ≤ ± 0 .4 bar
Thermo shock error (2)
∆p ≤ ± 0 .2 bar
∆pmi ≤ ± 1%
∆pmax ≤ ± 1%
Mounting bore Ø 6 .3 mm+0 .02 shoulder sealed
Cable connection M4x0 .35 negative
Weight 12 .5 grams without cable
Mounting torque 10 Nm 
Cables & couplings CI41, CI42, CI4V, CC41, E124  see page  101
Cable-mounting tool TC01 Art .No . TIWG0131A .01  see page  95
Gasket SG02 Art .No . TIBQ0227A .01  see page  98
Mounting nipples AM04, AM05  see page  87
Safety ring for mounting nipple AM06 Art .No . TIWG0417A .01  see page  87
Dummy (M10x1), Dummy (3/8“x24 UNF) DG10, DG14  see page  99
Dummy removal tool TD01 Art .No . TIWG0122A .01  see page  96
Machining tool (step drill) MD10, MD16  see page  93
Tap drill (M10x1), Tap drill (3/8“x24 UNF) MT31, MT13  see page  93
Mounting tools TS02 (TT09, TT18), TA13  see page  94
Mounting sleeves AH26 (3), AH27 (3), AH28 (4)  see page  86
Thermo protection PH04 Art .No . TIYF0760A .01  see page  100
3) Specify sleeve length (28 mm to 160 mm) and refer to page 86 for additional information . 
4) See also page 55 for the specification of the installation with AH28 .
1) at 7 bar IMEP and 1300 rpm, diesel
2) at 9 bar IMEP and 1500 rpm, gasoline
• Sensor	GU22C
• Protection	cap
• Piezo-input	cable	CI41-1	and	2	spare	O-rings
• Fitted	coupling	CC41
• Gasket	SG02
• Calibration	sheet	and	documentation
Scope of supply
TIGG1073A .01
non
stop
IMEP
GaPO4
SDM
Direct installation with the mounting nipple AM04 
(AM05).
Direct installation with AM04 (AM05) and PH04.
*) 4 mm for cast iron, aluminium alloys
Direct installation with the mounting sleeve AH26 
(AH27).
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III. In-cylinder pressure sensor
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Pressure sensors  //  Sensors for engine development
LP11DA
Low Pressure Indicating Sensor LP11DA measures the absolute 
pressure in intake and exhaust manifold of combustion engines . 
The piezoresistive sensor is used for precise measurement of static 
and dynamic pressure variations . The sensor is equipped with an 
integrated amplifier . For measurements in the exhaust manifold a 
cooling adapter is necessary . Typical applications are gas-exchange 
analysis, precise friction analysis, or turbo charger development .
Specifications
AccessoriesMeasuring range 0…10 bar FSO
Thread diameter M5 x 0 .5 
Sensitivity 930 mV/bar 
Overload 20 bar 
Linearity <  0 .1% FSO
Operating temperature - 55°C … 232°C 
Compensated temperature range - 20°C … 200°C 
Frequency response > 50 kHz
Weight 15 grams Sensor only
Mounting torque 4 Nm 
Amplifier output 0 .2…9 .5V ±150mV
Power supply 24 ±4 VDC 10 mA 
Cooling Adapter for the exhaust manifold AE04 Art .No . TILPEA01A .01  see page  88
Adapter for the intake manifold AI01 Art .No . TILPIA01A .01 
Extension cable 5m CS10 Art .No . TILPCS10A .01 
Extension cable 10 m CS11 Art .No . TILPCS11A .01 
Dummy for LP11DA DL01 Art .No . TIDL01A .01  see page  99
Spare gaskets for LP11DA SG11 Art .No . TIBQ0242A .01  see page  98
Mounting wrench HEX5 .5 TT29 Art .No . TIWG0371A .01  see page  94
Power supply 24V PS10 Art .No . TILPPS10A .01 
Y-Cable to provide multiple power supply PY10 Art .No . TILPPY10A .01 
Cooling system ZP91 .00  see page  104
Direct installation of LP11DA. Low pressure sensor LP11DA mounted into cooling adaptor AE04.
• LP11DA	Sensor	with	2m	cable
• Integrated	amplifier
• Connection	cable	with	CY10
• Calibration	sheet	and	documentation
Scope of supply
TILP1101A .01
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IV. Intake and Exhaust pressure sensor
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V. Fuel pressure sensor

